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ABSTRACT 
  The variation within populations of three widespread and little studied 
Australian freshwater fish species was investigated using molecular genetic 
techniques. The three species that form the focus of this study are Leiopotherapon 
unicolor, Nematalosa erebi and Neosilurus hyrtlii, commonly recognised as the three 
most widespread Australian freshwater fish species, all are found in most of the 
major Australian drainage basins with habitats ranging from clear running water to 
near stagnant pools. This combination of a wide distribution and tolerance of a wide 
range of ecological conditions means that these species are ideally suited for use in 
investigating phylogenetic structure within and amongst Australian drainage basins. 
Furthermore, the combination of increasing aridity of the Australian continent and its 
diverse freshwater habitats is likely to promote population differentiation within 
freshwater species through the restriction of dispersal opportunities and localised 
adaptation. 
 A combination of allozyme and mtDNA sequence data were employed to test 
the null hypothesis that Leiopotherapon unicolor represents a single widespread 
species. Conventional approaches to the delineation and identification of species and 
populations using allozyme data and a lineage-based approach using mitochondrial 
16S rRNA sequences were employed. Apart from addressing the specific question of 
cryptic speciation versus high colonisation potential in widespread inland fishes, the 
unique status of L. unicolor as both Australia’s most widespread inland fish and most 
common desert fish also makes this a useful species to test the generality of current 
biogeographic hypotheses relating to the regionalisation of the Australian freshwater 
fish fauna. The results of this study based upon comprehensive and congruent 
allozyme and 16s mtDNA data sets, failed to identify any cryptic diversity of 
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taxonomic significance within the species Leiopotherapon unicolor. Thus, this 
species retains its position as Australia’s most widespread freshwater fish species. 
An unexpected outcome of this study, especially given the number of populations of 
the target species sampled, was finding evidence suggesting the existence of two 
sympatric cryptic species among the five L. aheneus individuals sampled from the 
Fortescue River in Western Australia. This highlights the value of genetic data for 
identifying cryptic species.  
 The second research chapter (Chapter 3) uses similar techniques, with the 
addition of a second mtDNA gene region, cytochrome b, to test the null hypothesis 
that Nematalosa erebi represents a single widespread species. This study also aimed 
to examine the phylogeographic structure of N. erebi within and among major 
Australian drainage basins; with a view to investigating the historical connections 
between these basins and to examine previously established hypotheses of 
biogeographical associations among them. Based on the results of this study, there is 
strong support to reject the null hypothesis that N. erebi is a single widespread 
species. The results of this study support the recognition of a divergent N. erebi 
lineage in three rivers of the Western Australian Pilbara region. In addition to this, 
the data revealed a degree of river basin phylogeographic structuring between N. 
erebi populations in Australia, suggesting that the two major inland drainages, the 
Murray-Darling Basin and the Lake Eyre Basin, are not biogeographically closely 
associated to each other. Rather, the Murray-Darling Basin is more closely allied 
with the eastern coastal drainages across the Great Dividing Range. The results also 
indicate that the Finke River may have been isolated from the remainder of the Lake 
Eyre Basin catchment for a significant period of time.  
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The third and final research chapter (Chapter 4) aimed to confirm the 
taxonomic position of Neosilurus hyrtlii found in Australian freshwater drainages to 
determine whether or not this widespread species is actually a single species or, in 
fact a complex of species. The same molecular techniques employed in Chapter 3 
were also utilised in this study. The results indicate that whilst most populations of 
N. hyrtlii are composed of a single widespread species; there is strong evidence to 
support the existence of at least two sibling species in Western Australia.  
Relationships among catchments inferred from the phylogenetic analyses are largely 
in agreement with the findings of Chapter 3, the main exception being that of the 
Finke River population which, rather than showing evidence of isolation, shows a 
close affinity to Lake Eyre Basin drainages. 
The findings of this research provide a strong foundation to support further 
investigation of the proposed cryptic speciation and significant divergence within the 
Pilbara Region of Western Australia. 
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CHAPTER 1.  
GENERAL INTRODUCTION 
1.1 AUSTRALIAN FRESHWATER FISHES 
The number of freshwater fish species and subspecies formally described 
from Australian waters varies from 160 to 302 (Allen et al. 2002; Swainston 2011; 
Unmack 2001; Wager and Jackson 1993). The reason for such a big variation is the 
different criteria applied by authors when classifying a fish as ‘freshwater’. The 
lower figure of 160 represents species that spend their entire life cycle in freshwater 
(obligate freshwater fishes) and the higher figure includes fish that may only have 
certain life stages that occur in freshwater (diadromous fishes). Furthermore, the 
exact number of fish species and families fluctuates as new species are discovered 
and relationships between groups are revised. The most recent taxonomic revisions 
have identified several new species across Australia such as the tropical north, Guyu 
wujalwujalensis, Stiphodon and Sicyopterus spp (Allen et al. 2002; Pusey et al. 
2004); and in southern Australia (Nannoperca variegate, Gadopsis bispinosus, 
Philypnodon macrostomus. (Hoese and Reader 2006; Kuiter and Allen 1986; Sanger 
1984). In central Australia 10 additional species have been identified including; 
Mogurnda, Chlamydogobius and plotosid catfishes (Allen and Feinberg 1998; Allen 
and Jenkins 1999; Larson 1995). Despite taxonomic review, some species 
complexities remain unresolved for example, Hypseleostris (Bertozzi et al. 2000; 
Larson and Hoese 1996) 
Currently, ten Australian freshwater fish species are considered critically 
endangered, ten Endangered, 19 vulnerable, 27 at lower risk and ten considered data 
deficient (Avise 1989). A major limiting factor in the development of Species 
Recovery Plans and the determination of conservation status is the lack of biological 
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data and ambiguous taxonomy. Determining the level and distribution of genetic 
variation within threatened taxa can help conservation efforts by providing essential 
information about population structure, aiding in the definition of management units 
and recognition of cryptic taxa (Crandall et al. 2000). 
Taxonomic classification is a primary determinant of management priorities 
for endangered species (Daugherty et al. 1990). Thus solid taxonomic research is 
critical for conservation because in order to determine whether or not a species needs 
protection, it is necessary to first understand its abundance and distribution (King and 
Hanner 1998). Historically taxonomy has been based on consideration of the 
morphological features of an organism. However, in recent years genetic analyses 
have demonstrated numerous ‘cryptic’ species in freshwater fish and invertebrates 
that are difficult to recognise morphologically. Currently, several Australian fishes 
are recognised as distinct taxa, but are yet to be formally described (Pusey et al. 
2004). Many of these taxa are also classified as threatened species and are covered 
by Species Recovery Outlines. In addition, it is considered likely that many 
freshwater fish families contain cryptic species and differentiated stocks (e.g. 
Plotosidae, Percicthyidae and Eleotridae) (Wager and Jackson 1993). Several new 
species or sub-species are likely to be described and some of these will definitely be 
categorised as threatened. There is also a need to recognise and conserve unique 
stocks, or genetically distinct groups within species. There is considerable evidence 
that genetically divergent populations exist within fish species as a result of 
temporal, spatial or behavioural isolation (Musyl and Keenan 1992). The sub-
division of species into differentiated stocks is more pronounced in freshwater 
environments than in marine because of the terrestrial barriers that delineate rivers, 
streams, lakes or springs. The possible mixing of genetic stocks needs to be carefully 
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examined prior to re-stocking of natural habitats. Otherwise, deleterious 
hybridisation between re-stocked fishes and the original inhabitants can occur. This 
can lead to loss of genetic diversity, genetic swamping, and outbreeding depression. 
Thus proper management requires sound taxonomic knowledge and should ideally 
draw on genetic information (Brown 1987).  
Australia encompasses a wide variety of inland aquatic habitats and supports 
a diverse array of freshwater fishes. The processes responsible for the decline of and 
the management strategies necessary to protect native fishes are often unique to 
particular species, communities or even habitats. The central Australian desert region 
is one such area; due to the uniqueness of its aquatic habitats and fauna, specific 
management attention is required. Central Australia represents an extremely harsh 
environment for aquatic species dependent upon permanent freshwater, as it is semi-
arid to arid, experiencing low humidity and rainfall. Despite the extreme conditions 
and ephemeral nature of freshwater habitats within this region, freshwater fish and 
invertebrate fauna survive and persist. At present, central Australia supports 34 
native species, 2 sub species, 3 translocated native species and 2 exotic species of 
freshwater fish (Allen et al. 2002). In central drainages, arid conditions are typical, 
but punctuated by significant flooding events that may be either localised or 
widespread, and consequently many fish species exhibit specific adaptations to the 
fluctuating and tenuous environments which they inhabit (Glover 1982). These 
adaptations allow the fishes of central Australia to both tolerate and survive these 
harsh conditions and to rapidly reproduce and disperse when conditions are 
favourable.  
There are two significant threats to aquatic faunas in arid areas: changes to 
flow regimes, and introduced species (Rinne and Minckley 1991). A number of 
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mound springs (e.g. have ceased to flow and associated faunas gone extinct as a 
result of anthropogenic activities and there are regular proposals to either dam rivers 
or exploit more water from the Great Artesian Basin. Thus there is an urgency to 
develop a sound taxonomic framework for desert fish species. Moreover, it is equally 
important to ascertain the distribution of genetic information within and between 
populations and identify water bodies or systems that harbour significant and unusual 
biodiversity. Obtaining detailed information on the taxonomy and genetic structure 
of fish populations is needed to determine their conservation status and develop 
appropriate management plans.  
The unique nature of the aquatic environment of central Australia’s desert 
regions also provides an opportunity to study the impact of extreme and variable 
environments on the genetic structure and evolution fish species that occur there. 
Habitat fragmentation readily occurs in freshwater environments, particularly in lotic 
systems (Crivelli et al. 2000; Vrijenhoek 1998). The creation of multiple 
subpopulations promotes regional extinctions (Boyce 1992; Soule 1987) and reduces 
genetic diversity in those that survive through bottleneck events and those that result 
from population crashes. The Australian fauna are particularly vulnerable to these 
effects because most inland aquatic environments are subject to regular droughts and 
suffer from heavy demands for water supply and waste disposal (Maheshwari et al. 
1995; Nevill 2001; Walker et al. 1995). While arid conditions can promote 
population differentiation and speciation in these ‘island’ populations of desert fish, 
occasional wide-scale flooding may facilitate dispersal and population mixing 
(Musyl and Keenan 1996; Ponder and Clark 1990; Ponder et al. 1989). The 
consequences of these contrasting processes may of course differ depending on the 
taxonomic group.  
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To date, most of our knowledge of the diversity and adaptations of 
Australia’s inland fauna is based upon classical taxonomic, biogeographic and 
ecological studies (Allen 1989; Crowley 1990; Glover 1989; Glover and Sim 1978; 
Unmack 2001). However, recent molecular genetic studies are revealing that many 
widespread aquatic species are morphologically conservative and yet, harbour 
significant genetic diversity, often of taxonomic or biogeographic significance 
(Crowley and Ivanstoff 1990; Crowley et al. 1986; Dufty 1986; Musyl 1990; 
Rowland 1984; Sanger 1986; Shaklee and Keenan 1986). Some of these studies, 
have shown that many fish and invertebrate taxa with ‘continental’ distributions are 
species complexes composed of morphologically cryptic lineages whose individual 
distributions are narrow (Herbert et al. 2003; Unmack 1995; Unmack 1996). 
However, most of these studies have been taxonomically and geographically 
restricted. A comprehensive understanding of biogeographic relationships and the 
effective management of fish populations requires sound taxonomic information and 
ideally information on the distribution of genetic variation within and between 
populations over large geographical areas. Sound taxonomic and biogeographic 
analyses of fish populations will enable regions or habitats that harbour unique 
biodiversity and/or act as aquatic refugia to be identified, thus allowing the 
application of appropriate management of such areas.  
1.2 AUSTRALIAN FRESHWATER SYSTEMS 
Unmack (2001) provides an excellent review of the history and formation of 
aquatic habitats in mainland Australia. The landscape has been remarkably stable for 
approximately the last 60 million years (De Deckker 1986), and it has lacked 
terrestrial connections with other continents since 95 million years ago (Veevers and 
Eittreim 1988). The Australian region includes New Guinea, which is separated from 
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it only by a shallow strait that was dry as recently as 6-8000 years ago (Jennings 
1972; Keast 1981). 
Since its isolation from other continents, Australia has been devoid of major 
rift-type tectonism and extensive mountain range building, with limited glaciation 
and volcanism. The last orogenic event occurred in eastern Australia around 90 
million years ago, however, other mountains are substantially older (Veevers 1984). 
Pleistocene glaciation was geographically limited to the extreme south east, with 
little probable effect on the aquatic biota as Australia has not been covered by 
extensive ice sheets like those that scoured Northern Hemisphere landscapes during 
the last glacial episodes of the Quaternary (De Deckker 1986).  
Changes in climate, however, have had pronounced effects, such as the 
division of southeastern and southwestern Australia due to increasing aridity 16-14 
Mya (Kershaw et al. 2003).  
Australia is the second most arid continent in the world (Williams 1984) 
although it is the world’s driest continent in terms of the proportion of arid land area. 
70% of Australia is arid, however, all of it receives more than 100 mm mean annual 
rainfall, so the aridity is not extreme (Morton 1993). Rainfall in Australia is seasonal 
with drought or near drought some years and floods in others. The unpredictable 
rainfall patterns mean that many freshwater habitats particularly in central, northern 
and western regions are ephemeral and may have been since the onset of aridity in 
the mid-Miocene (Bunting et al. 1973; Van De Graaff et al. 1977). 
Aridity probably developed in Australia throughout the Pliocene, reaching conditions 
like those of the present day about a million years ago (Bowler 1982). Since then, the 
continent has swung through arid and lacustral phases at least four times during the 
last 500,000 years, and these changes led to the creation of many of the dramatic 
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landforms of inland Australia, such as the vast sandridge deserts and the massive 
lake beds (Bowler 1982). In particular, aridity intensified from about 30,000 years 
before present (B.P.) to a maximum at about 18,000 B.P. (Bowler and Wasson 1984), 
when it was estimated the rainfall was approximately 50% of modern precipitation.  
The hydrological conditions in lakes, rivers and groundwater have varied 
continuously during the last 50,000 years. Whilst the conditions within the drainages 
vary, the drainages themselves were mostly established by the Palaeocene 
(Henderson and Stephenson 1980). In addition to large desert areas sea level changes 
have at times had an impact on the habitat availability of freshwater fishes. Major sea 
level fluctuations from highs that inundated the lower Murray region (c. 5 Mya), sea 
water barriers remained during intervening periods (e.g. Bass Strait), and potential 
points of drainage coalescence exposed during lows (glacial maximum 16 Kya).One 
of the most dramatic events occurred 18 000 years ago when most lakes dried up. 
How Australia’s aquatic biota survived this event is still unknown, although it is 
highly likely that the mound springs of central Australia and coastal lakes played 
major roles as refuge sites (De Deckker 1986).  
These fluctuating environments and especially the arid phases could be 
regarded as favouring speciation; however, ephemeral floodwaters could have 
allowed dispersal of species and populations both within and between river systems, 
possibly on a sufficiently frequent basis to prevent significant population divergence 
and speciation. Mound springs are the natural outlets for the waters of the Great 
Artesian Basin and represent unusually specialised aquatic habitats (Figure 1.2). The 
discontinuity between these springs is analogous to islands and the isolation just as 
great, particularly for populations of fish which, due to their dependence on 
permanent water, have limited dispersal abilities except during major flooding events 
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(ABARE 1996). It is also possible that differences in dispersal abilities between taxa 
will have resulted in speciation in some groups, but not others. 
Today 70% of Australia is semi-arid to arid desert and not surprisingly, the 
desert region of Australia supports a limited, highly localised fish fauna. 
Australia’s present day aquatic habitats are divided into 12 major geographical 
drainages in Figure 1.1. These can be categorised broadly into four drainage types, 
the relatively short river systems that ring the southern margins of the coastline, the 
large Murray-Darling system which drains most of NSW and part of southern 
Queensland towards Adelaide. The third is a group of well-defined internal drainage 
systems representing large endorheic lakes of which Lake Eyre is an example. The 
final system is a large area of in the central and western parts of Australia where 
water flows overgound ending in salt lakes. The freshwater bodies of Australia 
represent the full range of habitat types and most are inhabited by fish. Australia’s 
freshwater fish fauna are a unique and diverse assemblage, equally diverse are 
Australia’s freshwater habitats, which range from small ephemeral water bodies and 
spring fed thermal pools inland to permanently flowing coastal rivers. The 
consequences of such differentiation are expected to lead to regional patterns of 
biodiversity, genetic differentiation and even speciation (Avise et al. 1994; Avise et 
al. 1998; Jarman and Elliot 2000; Littlejohn 1967; Musyl and Keenan 1996).  
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Figure 1.1 Major Australian drainage divisions (Australian Government 
2000). 
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Figure 1.2 Map showing the location of central Australian Great Artesian 
Basin Springs, adapted from Keane (1997). 
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1.3 MOLECULAR GENETICS 
1.3.1 Mitochondrial DNA 
Mitochondrial DNA (mtDNA) is a circular molecule, 16 to 18 kb in length, 
located within the cytoplasmic mitochondria. Fish mtDNAs have similar genomic 
organisation (Kim et al. 2004; Zardoya et al. 1995) and are similar to other 
vertebrates (Kocher and Stepien 1997). It is found in multiple copies (Ballard and 
Whitlock 2004; Palumbi 1996) and has many favourable characteristics rendering it 
popular and useful for population and phylogenetic studies at various taxonomic 
levels. Some of these characteristics include its relative abundance in relation to 
nuclear DNA, that it is inherited maternally and is therefore haploid, and that it is 
also non-recombining (Avise et al. 1994). Of course there are occasional exceptions 
to these rules; for instance recombination has been demonstrated in plant 
mitochondrial DNA (Birky 2001). A very useful characteristic of the mitochondrial 
genome is that it has an effective population size one quarter of that of the nuclear 
genome. A smaller population size means that genetic drift occurs more readily and 
this, combined with the fact that mutations tend to accumulate more rapidly in 
mitochondrial DNA, results in the mitochondrial genome evolving considerably 
faster than nuclear DNA (Brown et al. 1982). This means that mtDNA can be very 
useful for studying population differentiation and relationships between closely 
related species. 
The complete mitochondrial genome consists of a control region (D Loop) 
encompassing a replication origin and promoters, both large (16S) and small (12S) 
rRNAs, 22 tRNAs, and 13 polypeptide genes. All of the encoded mtDNA 
polypeptides are functionally essential and evolutionally constrained (Wallace 1992). 
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However, the increased mutation rate for mtDNA relative to nuclear DNA can result 
in an accumulation of base substitutions over a long period of time, providing tools 
for taxonomic, evolutionary and phylogenetic research (Nei 1987). 
The most popular regions sequenced in phylogenetics are 16S rRNA, which 
provides a useful phylogenetic signal (Murphy and Austin 2002), Cytochrome b (Cyt 
b) and cytochrome oxidase 1(CO1) genes, which are utilised for family and species 
level analysis (Kartavtsev and Lee 2006). Cytochrome b is widely used because it 
exhibits both conserved and variable regions and thus contains phylogenetic signals 
at many different divergence levels (Kocher et al. 1989; Meyer and Wilson 1990). 
The polymerase chain reaction (PCR) is a rapid and simple method used to 
amplify a particular sequence of DNA, producing multiple copies of a target 
sequence (Park and Moran 1995). The availability of universal primers has enabled a 
broad range of taxa to be studied (Palumbi et al. 1991) which is indicated by the 
wealth of data available on such molecular databases as Genbank. PCR can be 
performed from a small amount of template DNA, which in turn can be extracted 
from fresh, frozen or alcohol preserved tissues and in some cases from formalin 
fixed, unpreserved or old tissues (Park and Moran 1995). This factor has resulted in 
DNA based methods being favoured over allozymes, especially when frozen tissues 
are not available. 
1.3.2 Allozyme Electrophoresis 
Allozymes are variable polypeptide loci (Murphy et al. 1996) arising from 
heritable, electrophoretically detectable differences in the amino acid composition of 
enzymes that share a common substrate (Carvalho and Hauser 1994). The genetically 
determined differences in amino acid composition of allozymes directly influence the 
shape, size and charge of the protein molecule (Murphy 1996; Richardson et al. 
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1986). Under an electrophoretic field, the shape, size and charge of the protein will 
determine how quickly and how far it migrates. Therefore where an organism is 
heterozygous at a particular locus, electrophoresis can often separate the two 
different alleles based on rate of electrophoretic mobility and individuals can be 
genotyped after histochemical staining (Richardson et al. 1986). 
Allozymes continue to be widely used to assess intra-specific population 
genetic structure, particularly where tagging or other tracking mechanisms are not 
feasible (Carvalho and Hauser 1994). They are a valuable tool for population genetic 
studies due to the ease of the technique, the relatively low cost and the ability to 
examine numerous individuals at many independent loci simultaneously (Gomez 
1998; Murphy 1996). However, allozymes are not limited to studies of population 
structure and have a large range of applications, including genetic identification, 
investigation of species boundaries and for phylogenetic reconstruction (Richardson 
et al. 1986) as well as examining hybridisation (Murphy 1996). They have also 
proven particularly useful in identifying cryptic species (Murphy 1996). 
Additionally, allozyme electrophoresis can be an effective way of determining 
reproductive mode of organisms (Ayre 1995). 
Notwithstanding the advantages of allozymes, there are a number of caveats 
which require thorough consideration before choosing this technique. Allozyme 
electrophoresis has strict tissue requirements (they are required to be preferably fresh 
or frozen at -80ºC to prevent enzyme degradation) and it is often necessary to 
sacrifice an entire individual when examining small organisms (Murphy 1996; 
Richardson et al. 1986). Because the genetic code contains degenerate information, 
many base substitutions in the DNA strand do not result in changes to the amino acid 
sequence code, resulting in a large proportion of genetic change being undetected 
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(Smith 1990). Further, allozymes represent only a small proportion of the total 
genome, so effectively only a small amount of genetic variation is being studied, 
which is not necessarily representative of the entire genome. The other major 
drawback to the use of allozymes is the question as to whether they are selectively 
neutral. There is some evidence to suggest that allozymes do not represent neutral 
markers. Nevertheless, allozyme analyses have proven effective for providing 
insights into the distribution and degree of genetic differentiation in many species 
and can be particularly useful when coupled with other alternative DNA-based 
techniques such as mtDNA sequencing.  
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1.4 BIOGEOGRAPHY 
Biogeography is concerned with describing and understanding the 
distribution of flora and fauna and their relationships with past and present 
geography (Posadas et al. 2006).  
Biogeographic studies examine the distribution of taxa throughout different 
areas of the world, the relationship between areas and where the origin of taxa may 
be (Humphries and Parenti 1999). Biogeography is closely interlinked with 
systematic studies; cladistic biogeography, for example, aims to document the 
geographical context of speciation events (Van Veller et al. 2003). Biogeographic 
studies can be generally defined on the basis of two principles: either the formation 
of natural barriers (vicariance), or an organism’s movement (dispersal) has been the 
underlying cause of its geographic distribution (Briggs 1995). A classic debate in the 
field of biogeography is that involving dispersal versus vicariance hypotheses to 
explain the presence of related organisms in disparate landscapes separated by 
substantial barriers to dispersal (McDowall 2002).  
The vicariance hypothesis dictates that these organisms once had a continuous 
distribution and were subsequently sub-divided by changes to the landscape which 
fragmented its distribution. The dispersalist hypothesis emphasises that the organism 
played an active role (i.e. by dispersal) and managed to transverse the substantial 
barrier to achieve such a distribution. 
The spatially disconnected nature of freshwater drainages confers unique 
biogeographic constraints to freshwater fauna (Avise 2000). The capacity of 
freshwater organisms to expand their range or migrate is determined by rare events 
such as drainage re-arrangements, short-term connections between drainages, sea 
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level changes and freshwater plumes (Bilton et al. 2001). Allopatric speciation in 
Australian freshwater fishes, facilitated by past modifications of drainage patterns or 
by geographic isolation, has been suggested by a number of authors e.g., (Crowley 
and Ivanstoff 1989; Dufty 1986; Rowland 1985). For this reason, the distributions of 
freshwater organisms are more likely to reflect historical events than that of 
terrestrial species (Kotlik and Berrebi 2001). 
On a global scale, biogeographic analyses of Australian freshwater fishes in 
relation to the rest of the world are rare; several papers allow cursory discussion of 
the need for continuity of land to explain the range of a family (Keast 1981). General 
biogeographical works have pointed to the peculiarity of the Australian fauna and its 
isolation from that of Southeast Asia (Darlington Jr 1963; Wallace 1876). 
Darlington, (1963) sought to integrate Australian fishes into a cohesive account of 
the origin and dispersal of the world’s freshwater fishes; however, he covers the 
Australian fishes in only half a page. A biogeographical study of the genus 
Craterocephalus in Australia and Papua New Guinea developed a new hypothesis 
that challenged the existing concepts of recent speciation in the genus and suggested 
that there were two temporally separate invasions of ancestral types which gave rise 
to two of the species in this genus (Crowley 1990).  Recent phylogeographic 
investigations of Melanotaeniidae, the largest monophyletic group of freshwater fish 
found in Australia and New Guinea identified 15-20 previously unidentified species 
(Unmack et al. 2013).  
At a continental scale, despite the present day aridity of inland Australia, a 
number of fish species have wide distributions encompassing several major 
catchment basins and spanning major geological divides. Surprisingly, there have 
been relatively few attempts to develop Australia-wide biogeographic hypotheses for 
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freshwater taxa. The first study to construct Australian biogeographical regions based 
on aquatic species divided Australia into nine regions (Iredale and Whitley 1938). 
Lake (1971) expanded on this work and divided Australia by river basins based upon 
a hydrologic system (Bauer 1955). This system, with slight modification (Australian 
Water Resources Council 1976) is currently still in use (Allen 1989; Merrick and 
Schmida 1984).  
A number of recent morphological and molecular genetic studies have 
attempted to deal with the paucity of detailed regional biogeographic studies of 
Australian freshwater fauna e.g. (Allen and Feinberg 1998; Bertozzi et al. 2000; 
Crowley and Ivanstoff 1990; Davis et al. 1999); some focus on the origin of 
Australian freshwater fish (Sparks and Smith 2004; Waters et al. 2000; Waters et al. 
2002) or at an Australian continent level (Bostock et al. 2006). On a finer scale there 
are studies that examine specific geographic boundaries (McGlashan and Hughes 
2001a) or small biogeographic regions (Huey et al. 2006; Hughes and Hillyer 2006; 
Wong et al. 2004) and more that focus solely on local level patterns and single 
catchments for fish (Hughes et al. 1999; McGlashan and Hughes 2001b) or even 
Decapoda (Murphy and Austin 2004a; Murphy and Austin 2005). While such studies 
are a source of comparative biogeographic information at a localized level they are 
generally too specific to be valuable in assessing the robustness of biogeographic 
boundaries across the continent. As the number and range of studies increases there 
is a greater opportunity to explore biogeographic patterns across the coninent at 
various scales across taxa.  
By far the most comprehensive biogeographic study is Unmack’s (2001) 
study of endemism in the Australian freshwater fish fauna. Unmack (2001) 
established levels of endemism within regions (and sub-regions) and used numerical 
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techniques to determine biogeographic regions and establish relationships among 
them across the Australian continent. Whilst the proposed boundaries broadly follow 
the Australian drainage division boundaries (Australian Government 2000), Unmack 
(2001) has further divided Australia into 38 separate units including province 
boundaries, sub-province boundaries, paleo-drainage boundaries and region 
boundaries based on his study of richness and endemism (Figure 1.3). He notes that 
the most striking pattern was the incidence of endemism across the continent. As 
expected, provinces in southern, central and western Australia have high numbers of 
endemic species. In north-eastern Australia, except for one region, provinces had few 
endemics. He concluded that in the north this was due to high connectivity of 
drainages during times of lowered sea level, however, he was not able to explain the 
lack of endemism in the east where drainages seem to be fairly isolated, and so 
suggested a possible climatic separation, this has led to further studies of these 
eastern drainages specifically using Philypnodon species (Thacker et al. 2008).  
Unmack (1999) acknowledges that biogeographical studies exclusive of 
phylogenetic data are limited, however, he does employ a range of analytical 
techniques including clustering, ordination and parsimony analyses relating to fish 
distribution and endemism. This combined analysis suggests that detected 
biogeographic patterns reflect Miocene rather than Plio-Pleistocene events, therefore 
the extent to which his biogeographic hypotheses apply to phylogeographic patterns 
in more recently evolved species, is unknown. Further to this, the provinces he 
suggests may be premature due to the lack of phylogenetic data. However, the study 
is a useful precursor to phylogenetic studies as it provides a frame work from which 
to derive testable hypotheses, which in the field of biogeography are sparse. 
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Hypotheses proposed by recent studies will be used to form the comparative basis of 
this study. 
1.5 PHYLOGENETICS 
Phylogenetics is the study of evolutionary or genealogical relationships 
among organisms. Taxonomy, the classification of organisms according to similarity, 
has been richly informed by phylogenetics but remains methodologically and 
logically distinct. Morphological comparisons have been the major method used to 
infer evolutionary relationships among organisms and to describe and classify new 
species, but this approach is hampered by several drawbacks. First, morphological 
characters can be plastic or subject to convergent evolution (Fetzner and Crandall 
2001; McDowall 1972). This plasticity of characteristics has the potential to lead to 
errors in classification and flawed inferences concerning the evolutionary histories. 
Another challenge for conventional taxonomy is morphological stasis or ‘living 
fossils’. Morphological conservatism has been taken as an indication of evolutionary 
stagnation (King and Hanner 1998) and consequently can lead to the grouping of 
‘similar’ species under one name. 
The fields of taxonomy and phylogenetics overlap, in the science of 
phylogenetic systematics or cladistics and have greatly benefited from the molecular 
genetic revolution (Hillis et al. 1996). The use of molecular based methods in 
taxonomy has allowed a more complete understanding of systematic relationships, 
and provides an alternative view of evolutionary history. In the case of the so-called 
‘living fossils’, molecular methods have shown that morphological stasis does not 
necessarily imply that there is no evolutionary change (King and Hanner 1998). 
Also, an increasing number of morphologically cryptic species are being revealed by 
molecular data (Hansen et al. 2002; Jarman and Elliot 2000)  
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Some of the earliest molecular data to be used in phylogenetic studies were 
derived from immunological techniques (Maxson and Maxson 1990) and protein 
sequencing (Zuckerkandl and Pauling 1962). Allozyme electrophoresis, until 
recently the predominant method for assaying genetic variation within and between 
species, has also been utlised for phylogenetic studies. Emphasis, however, has now 
shifted to methods of DNA analysis, primarily through the use of direct sequencing, 
and a number of PCR based techniques which allow direct access to the phylogenetic 
information content of DNA sequences from both the nuclear and cytoplasmic genes 
(Avise 1994). As a result, an enormous amount of molecular data, especially in the 
form of nucleotide sequences is now accumulating and being used to resolve 
systematic relationships of organisms at various levels ranging from populations to 
kingdoms (Hillis et al. 1996). 
Molecular phylogenies coupled with geographical information can provide 
insights into the historical factors and processes determining the geographical 
distribution of genealogical lineages, particularly those within and among closely 
related species (Avise 2000). Phylogeography provides a particularly useful 
framework for distinguishing between competing biogeographical hypotheses, i.e. 
for distinguishing between vicariance and dispersal. If phylogenetic analyses 
demonstrate that sister-group relationships are present in areas that share a common 
geological history then one can assume that vicariant factors are the underlying 
mechanism. Conversely, if sister group relationships are found between taxa in areas 
that do not share a common geological history, then dispersal is the more rational 
explanation. In addition the judicious application of molecular clocks can allow 
timing of speciation/divergence events to be inferred. 
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Investigating the biogeographic significance of genetic variation in 
freshwater species is particularly interesting, as phylogeographic studies of 
freshwater species have shown that the distribution of genealogical lineages is often 
tightly linked to landscape (Avise 2000; Bermingham and Avise 1986; Unmack 
2001). This is because events connecting freshwater habitats such as lowered sea-
levels (with coalescence of neighbouring drainages) or fluvial periods promote 
dispersal and range expansion and therefore genetic cohesiveness of populations 
(Unmack 2001). On the other hand events such as increasing aridity or marine 
transgressions result in freshwater habitats being isolated and as such prevent 
dispersal and gene-flow and may contribute to genetic divergence (Unmack 2001). 
As a consequence freshwater taxa are useful model organisms for understanding 
geological and climatic history and developing biogeographic hypotheses. 
For all species included in this study, the focus is essentially on phylogenetics 
as distinct from population genetics (Avise 2004). The aim of phylogenetics is to 
reconstruct evolutionary relationships amongst taxa at the larger systematic, 
taxonomic, geographical and temporal scales rather than describe the relationships 
between populations on a smaller scale. One of the main reasons to explore 
evolutionary relationships at this level is to match relationships amongst taxa to 
geographical distributions. This makes it possible to then address and test specific 
biogeographical hypotheses past and present.  
1.5.1 Application of phylogenetics to Australian Fish taxonomy 
Prolific advances have been made in molecular biology over the past 25 
years(Colgan and O'Meally 2006). Molecular tools are increasingly utilised to refine 
Australian freshwater fish taxonomy, however, despite a growing number of 
molecular studies the assessment of species boundaries is the focus of the 
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assessments in only a small number of studies see (Bertozzi et al. 2000; Crowley and 
Ivanstoff 1990; Musyl and Keenan 1992). This is despite many phylogeographic 
studies revealing deep divergences (Hurwood and Hughes 1998; Jerry 2008; Page et 
al. 2004; Thacker et al. 2007; Watts et al. 1995; Wong et al. 2004), supporting the 
need for further molecular systematic investigations into the likely presence of 
cryptic taxa. Population genetic studies to date focus mainly on narrow regional 
issues (Phillips et al. 2009), despite this, high levels of substructure have been 
identified in many freshwater fish species (Faulkes et al. 2008; McGlashan and 
Hughes 2002). 
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Figure 1.3 Proposed biogeographic provinces in Australia (Unmack 2001). 
(Reproduced with permission from Peter Unmack). 
Table 1.1 Table of biogeographic region abbreviations as proposed by 
Unmack (2001)  
ARNH Arnhemland 
BARK Barkly Tablelands 
BULL Bulloo-Bancannia Basin 
DALY Daly River 
EKIMB Eastern Kimberleys 
FITZ Fitzroy River 
LEB Lake Eyre Basin 
NEN North-eastern New South Wales 
PILB Pilbara Province 
SGC Southern Gulf of Carpentaria 
TORR Lake Torrens 
VOR Victoria-Ord Rivers 
WKIMB Western Kimberleys 
WGC Western Gulf of Carpentaria 
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1.6 RESEARCH OBJECTIVES AND THESIS FORMAT 
This investigation focuses on the molecular phylogeography of three central 
Australian freshwater fish species. It aims to use a combination of detailed molecular 
genetic analysis, computer simulation and population modelling to investigate the 
origin and evolution of freshwater fish fauna in Australia and their response to 
ecological, climatic and geomorphological changes over the past several million 
years. The project will help identify regions of high genetic biodiversity and extend 
our understanding of Australian aquatic fauna. Specifically, each research chapter 
will examine one of three widespread Australian freshwater fish species in detail.  
The three species that form the focus of this study are: Leiopotherapon 
unicolor, Nematalosa erebi and Neosilurus hyrtlii; and are commonly recognised as 
the three most widespread Australian freshwater fish species. They were chosen not 
only for their widespread yet similar distributions, the paucity of existing taxonomic 
information about them and because they were well represented in existing museum 
and tissue collections. Furthermore, their habitat includes the harsh arid zones of 
central Australia. A significant component is the investigation of the taxonomic and 
genetic status of populations of these fish species inhabiting the drainages of arid 
central Australia. 
The general aim of this thesis is to investigate genetic variation in the chosen 
three species. Existing biogeographic and taxonomic studies are based on 
morphological data, thus genetic analyses will allow testing of existing 
biogeographic and taxonomic hypotheses in a phylogenetic framework.  
The genetic data obtained in this study will then be used to determine if there is 
evidence supporting the presence of cryptic species, to identify regions or locations 
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harbouring distinctive populations and to investigate biogeographic patterns of 
diversification across drainage basins. 
The final research chapter examines the biogeographical significance of the patterns 
of genetic variation found in the three study species. The aims of this research 
chapter are two-fold. Firstly, determine what the phylogeographic structuring could  
tell us about the geological and climatic history of Australia freshwater 
environments. The second aim is to develop a better understanding of Australian 
freshwater fish biogeography by comparing the results of this work with other 
phylogeographic focused research on Australian freshwater taxa. 
 
 
Each of the research chapters largely represents independent studies that have been 
written in a format suitable for submission as a journal article, further, the sequence 
of chapters reflects the chronological order in which the studies were conducted.  
 
Chapter 2 has been peer reviewed and published. 
 
Bostock, B.M., Adams, M., Laurenson, L.J.B., Austin, C.M. (2006) The 
molecular systematics of Leiopotherapon unicolor (Günther, 1859): testing for 
cryptic speciation in Australia’s most widespread freshwater fish. Biological 
Journal of the Linnean Society. 
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CHAPTER 2. 
MOLECULAR SYSTEMATICS OF LEIOPOTHERAPON 
UNICOLOR (GÜNTHER, 1859), AUSTRALIA’S MOST 
WIDESPREAD FRESHWATER FISH SPECIES  
 
The following manuscript derived from this chapter has been published in The 
Biological Journal of the Linnean Society. 
 
Bostock, B.M., Adams, M., Laurenson, L.J.B., Austin, C.M. (2006) The molecular 
systematics of Leiopotherapon unicolor (Günther, 1859): testing for cryptic 
speciation in Australia’s most widespread freshwater fish.  
Biological Journal of the Linnean Society. 
 
2.1 INTRODUCTION 
Leiopotherapon unicolor, (spangled perch) from the Terapontidae family is 
the most widespread inland fish in Australia (Wager and Unmack 2000), inhabiting 
most of Australia’s drainage divisions and virtually every drainage basin in the Lake 
Eyre division. It is found in all major types of habitat, including river systems, 
artesian springs, bores, dams and reservoirs (Glover 1982; Glover and Sim 1978). In 
fact spangled perch are found in most inland aquatic environments suitable for 
sustaining fish (Llewellyn 1973). It has been postulated that their wide dispersal 
throughout much of the drier areas of Australia is due to behavioural or physiological 
adaptations not commonly seen in other species (Vari 1978). During heavy 
rainstorms or floods, spangled perch have been seen swimming across flooded 
paddocks or along wheel ruts, and finally gathering in any available water hole or 
freshly flooded farm pond which have no connection to permanent water (Llewellyn 
1973; Wager and Unmack 2000). Numerous anecdotes of these kinds have led to 
speculation that they have the ability to aestivate deep in the mud as either eggs or 
adults (Whitley 1959). This is possible, as numerous species of fish in other countries 
and Australia (Berra and Pusey 1997) have been reported to aestivate in response to 
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heat and dryness, and it is particularly common for fish that occur in ephemeral water 
bodies (Graham 1997), however, it remains entirely unproven in this species.  
Many of the 270 Australian freshwater fishes described in (Allen et al. 2002) 
have restricted distributions or are endemic to only one or two river systems. This 
pattern of endemicity is not absolute and, L. unicolor, in stark contrast is widespread 
across Australia and inhabits multiple river basins and biogeographic regions, 
spanning distances of more than 5,000km (Allen et al. 2002). An obvious question 
requiring explanation is why there should be such a distributional bimodality among 
inland fish species and, in particular, what is different about this anomalously-
widespread species. Two alternate but not mutually exclusive explanations can be 
envisaged. One possibility is that Leiopotherapon unicolor is a broad ecological 
generalist with high vagility which can readily cross catchment boundaries and 
colonise new water bodies. A corollary here is that such colonisations would most 
likely have been relatively recent (in evolutionary terms) and possibly ongoing and 
therefore predicts that genetic divergence within and between the catchments will not 
be substantial.  
An alternate explanation with significant implications for our understanding 
of inland fish biodiversity is that widespread taxa such as L. unicolor might be 
morphologically conservative and actually be a composite of two or more ‘cryptic’ 
species, each with far more restricted distributions. Indeed, contemporary species 
boundaries among the inland fish of three gobioid genera, Chlamydogobius, 
mugilogobius and Mogurnda, now reflect recent taxonomic revisions of a single 
widespread “species” into a number of localised endemic species (Allen and Jenkins 
1999; Larson 1995; Larson 2001; Pusey et al. 2004). Perhaps a similar situation 
exists, without being recognised, for other widespread inland fishes. If this is the case 
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genetic divergence would be expected to be substantial and consistent with levels 
associated with congeneric species. As Australia’s most widespread freshwater fish 
species (Wager and Unmack 2000), Leiopotherapon unicolor is ideally suited as the 
starting point for a molecular systematic investigation to test for the presence of 
cryptic species.  
The genus Leiopotherapon contains only three other species, one of these is 
Leiopotherapon plumbeus (Kner, 1864) found in the Philippines and the other two, 
are Australian endemics with restricted distributions. The Australian endemics are 
Leiopotherapon macrolepis (Vari 1978), restricted to only two river systems in the 
Kimberley region of Western Australia and Leiopotherapon aheneus (Mees 1963), 
which inhabits most of the large rivers in the Pilbara region of Western Australia. 
Apart from the morphological revisions (Mees 1963) leading to the recognition of its 
congeners, the taxonomy of L. unicolor has not been re-examined in any detail since 
its description by Günther (1859). Vari (1978) reviewed the taxonomy of the terapon 
perches, however, no genetic or phylogeographic studies have been undertaken. 
This study utilises a combination of allozyme and mtDNA sequence data to 
test the null hypothesis that L. unicolor represents a single widespread species. 
Conventional approaches to the delineation and identification of species and 
populations using allozyme data (Georges and Adams 1992; Richardson et al. 1986) 
and a lineage-based approach using mitochondrial 16S rRNA sequences (Avise 
1994) were employed. Apart from addressing the specific question of cryptic 
speciation versus high colonisation potential in widespread inland fishes, the unique 
status of L. unicolor as both Australia’s most widespread inland fish and most 
common desert fish also makes this a useful species to test the generality of current 
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biogeographic hypotheses relating to the regionalisation of the Australian freshwater 
fish fauna (Unmack, 2001). 
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2.2 MATERIALS AND METHODS 
2.2.1 Sample Collection 
Leiopotherapon unicolor tissue samples were obtained from populations 
throughout its range (Table 2.1). Samples were obtained from several sources i.e. 
frozen material from the existing tissue collections of the South Australian Museum 
(SAM) and the Australian Museum (AM), field collecting, and some additional 
tissue samples or specimens stored in 70% ethanol collected by other researchers 
(Queensland University of Technology). In the field, fish were caught by hook and 
line, baited traps, cast nets or seine nets. These samples were snap frozen in liquid 
nitrogen and subsequently stored in the laboratory at –80ºC. A total of 141 specimens 
of L. unicolor representing 46 sites were obtained for genetic analyses (Table 2.1). In 
addition, five individuals of L. aheneus from the Pilbara region in Western Australia 
were acquired for comparative purposes and a single Bidyanus welchi, (McCulloch 
and Waite 1917) representing another terapontid genus, was included as an outgroup 
for the mtDNA analyses. 
For ease of analysis and in order to facilitate the examination of geographic 
patterns in L. unicolor, sample sites were grouped into biogeographic regions. The 
regions used were those proposed by (Unmack 2001), the most recent comprehensive 
analysis of the biogeography of the Australia’s freshwater fishes. 
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Figure 2.1 Collection localities for Leiopotherapon unicolor samples used in 
this study (See Table 2.1 for exact localities of sample codes). 
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Table 2.1 Sample codes, sites, localities and methods of analyses for 
Leiopotherapon unicolor sampled in Australia. Haplotype codes are provided for 
16S rRNA haplotypes observed from each site. Unmack’s (2001) biogeographic 
regions are listed. 
Site 
No. 
Location Name Unmack 
Region 
Allozyme 
Data (n) 
MtDNA 
Data (n) 
Longitude 
DD MM 
Latitude 
DD MM 
16s 
Hap 
1 Gascoyne River PILB 7 2 -24 52 113 38 E 
2 Fortescue River PILB 2 2 -21 00 116 06 D 
3 Harding River PILB - 2 -20 41 117 11 D 
4 West Strelley River PILB 4 3 -20 23 119 11 E 
5 De Grey River PILB 4 2 -20 11 119 11 D 
6 Fitzroy River WKIMB - 2 -17 25 123 34 A 
7 Halls Creek WKIMB 4 2 -18 15 127 48 J 
8 Apex Creek WKIMB 4 2 -17 09 125 13 B 
9 Lennard River WKIMB 4 2 -17 21 124 20 L 
10 Isdell River WKIMB - 2 -16 25 124 50 B 
11 Mitchell River WKIMB - 2 -14 38 125 39 A 
12 King Edward River EKIMB - 2 -14 14 126 36 M 
13 Drysdale River EKIMB - 2 -13 56 126 49 A 
14 Ord River VOR 4 4 -15 12 128 12 K 
15 Bamboo Creek DALY 2 2 -13 40 130 39 A 
16 Finniss River ARNH 2 - -12 53 130 20 - 
17 Upper Margaret River ARNH 2 2 -12 55 131 15 G 
18 Edith River DALY 2 2 -14 15 131 53 F 
19 Roper River WGC - 2 -14 44 135 23 I 
20 McArthur River WGC - 2 -15 48 136 40 B 
21 Longreach Waterhole WGC 1 1 -17 37 133 2 B 
22 Calvert River WGC - 2 -16 15 137 44 H 
23 Whistleduck Creek BARK 4 2 -20 32 134 59 B 
24 Stirling Creek BARK 2 1 -21 40 133 45 C 
25 Arthur Creek LEB 2 1 -22 54 136 44 C 
26 Ellery Creek LEB 4 2 -23 50 132 58 C 
27 Finke River LEB 4 2 -25 59 135 20 C 
28 Dalhousie Spring LEB 9 4 -26 27 135 28 B 
29 Algebuckina Waterhole LEB 1 1 -27 53 135 50 A 
30 Whiteknob Dam LEB 3 1 -29 46 135 23 A 
31 Margaret Creek LEB 2 - -29 30 137 01 - 
32 Frome Creek TORR 4 - -29 04 137 54 - 
33 Mawson Plateau LEB 8 2 -30 06 139 26 B 
34 Coopers Creek LEB 1 - -28 23 137 41 - 
35 Coongie Lake LEB 8 3 -27 11 140 10 B 
36 King Creek LEB 1 1 -24 37 139 30 A 
37 Buckley River LEB 4 2 -20 23 138 00 A 
38 Butchers Creek LEB 2 2 -20 43 139 29 B 
39 Norman River SGC - 2 -17 27 140 49 A 
40 Belmore River SGC - 2 -18 10 141 15 A 
41 Gilbert River SGC - 2 -16 33 141 16 A 
42 Combo Waterhole LEB 1 1 -21 36 142 04 A 
43 Oondooroo River LEB 3 2 -22 27 143 13 B & N 
44 Bulloo River BULL 4 2 -28 40 142 32 B 
45 Fairbairn Dam FITZ 3 2 -22 25 147 45 B 
46 Macleay River NEN 5 2 -30 44 152 15 B 
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2.2.2 Allozyme Electrophoresis 
 
The allozyme analyses concentrated on maximising the number of loci scored 
and the number of localities sampled across the geographic range of the species, 
rather than the screening of larger numbers of individuals per locality (Hillis et al. 
1996; Richardson et al. 1986). A total of 120 individuals from 35 locations, including 
the five L. aheneus, were screened for allozyme variation at 39 putative loci (Table 
2.2). 
For allozyme analysis, a sample of muscle tissue was homogenized by 
sonification in an equal volume of lysing solution (distilled water with 0.2% 2-
mercapatol ethanol and 0.02% NADP). Homogenates were centrifuged at 10,000g 
for five minutes then stored at –20oC as separate 10-20 μl aliquots. Homogenates 
were assayed for allozyme variation on cellulose acetate gels (Cellogel®, MALTA, 
Milan), according to the protocols of (Richardson et al. 1986). Enzymes are referred 
to by their Enzyme Commission (E.C.) Number. Table 2.2 summarises the enzymes 
screened, number of loci resolved and running conditions. All enzymes that produced 
zymograms of sufficient resolution and intensity to permit genetic interpretation 
were scored following staining, and the gels themselves scanned several times over 
the time course of staining to provide permanent digital records (as 200dpi JPEG 
images). Allozymes were designated alphabetically and multiple loci, where present 
were labeled numerically, both in order of decreasing electrophoretic mobility.  
Nei’s unbiased distance (D) (Nei 1978) and Rogers (R) (Rogers 1972) 
distance matrices were produced by pairwise comparisons of all sampled 
populations, and dendrograms were then constructed using the unweighted pair 
group method (UPGMA) using the software package Tools For Population Genetic 
Analysis (TFPGA) (Miller 1997). 
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 Since the forced hierarchical nature of dendrograms can distort genetic 
relationships amongst sampled populations, the multivariate technique of 
multidimensional scaling was also used to explore and summarise relationships 
among samples. Multidimensional scaling (MDS) operates upon a ‘metric’ 
dissimilarity or distance matrix to represent the relationships amongst populations in 
a reduced number of dimensions but with minimal distortion of relationships. The 
Rogers’ (1972) genetic distance matrix was used for MDS as, unlike Nei’s D, it is a 
metric measure. MDS was conducted using SYSTAT 7.0 (SPSS, 1998), and the 
resultant stress values plotted using Excel. 
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Table 2.2 Enzymes screened, code numbers, number of loci resolved and 
running conditions. Coding for buffers follows that used by Richardson et al. 
(1986). Run times are in minutes (all gels were run at 5-10oC). Stains follow the 
default method (ie Method A) of Richardson et al. (1986), except for the 
enzymes ACYC and NDPK, which were adapted from Manchenko (1994). 
Protein Abbre-
viation 
E.C. 
Number 
Number 
of Loci 
Run time 
(Minutes) 
Buffer 
aconitase hydratase ACON 4.2.1.3 3 150 A 
aminoacylase ACYC 3.5.1.14 1 140 C 
adenosine deaminase ADA 3.5.4.4 1 150 B 
alcohol dehydrogenase ADH 1.1.1.1 1 120 C 
adenylate kinase AK 2.7.4.3 1 150 B 
fructose-bisphosphate aldolase ALD 4.1.2.13 2 120 B 
creatine kinase CK 2.7.3.2 1 150 B 
enolase ENOL 4.2.1.11 1 150 A 
fructose-bisphosphatase FDP 3.1.3.11 1 140 B 
fumarate hydratase FUM 4.2.1.2 1 150 C 
glyceraldehyde-3-phosphate 
dehydrogenase 
GAPD 1.2.1.12 1 120 
 
B 
lactoylglutathione lyase GLO 4.4.1.5 1 120 C 
aspartate aminotransferase GOT 2.6.1.1 2 140 B 
glycerol-3-phosphate 
dehydrogenase 
GPD 1.1.1.8 1 150 C 
glucose-6-phosphate isomerase GPI 5.3.1.9 2 140 C 
glutathione reductase GSR 1.6.4.2 1 135 B 
isocitrate dehydrogenase IDH 1.1.1.42 1 150 A 
L-lactate dehydrogenase LDH 1.1.1.27 1 150 A 
malate dehydrogenase MDH 1.1.1.37 2 150 C 
"malic" enzyme ME 1.1.1.40 1 150 I 
mannose-6-phosphate isomerase MPI 5.3.1.8 1 140 B 
nucleoside-diphosphate kinase NDPK 2.7.4.6 1 150 B 
dipeptidase PEPA 3.4.13 1 150 B 
tripeptide aminopeptidase PEPB 3.4.11 1 150 I 
proline dipeptidase PEPD 3.4.13 2 140 C 
phosphogluconate dehydrogenase 6PGD 1.1.1.44 1 150 B 
phosphoglycerate kinase PGK 2.7.2.3 1 140 B 
phosphoglucomutase PGM 5.4.2.2 1 150 I 
pyruvate kinase PK 2.7.1.40 1 135 B 
superoxide dismutase SOD 1.15.1.1 1 150 C 
L-iditol dehydrogenase SORDH 1.1.1.14 1 150 C 
triose-phosphate isomerase TPI 5.3.1.1 1 150 B 
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2.2.3 DNA Extraction and Amplification 
Total genomic DNA (mtDNA) was extracted from muscle tissue using the 
method of Crandall and Fitzpatrick (1996). Eighty-eight specimens from 43 locations 
were sequenced for a fragment amplified from the 16S rRNA mitochondrial gene 
region. An approximately 560 base pair (bp) region of the 16S rRNA gene region 
was amplified by polymerase chain reaction (PCR) using primers 16Sar (Kocher et 
al. 1989) and 16Sbr (Palumbi et al. 1991). PCR amplifications were performed in 
50 L reaction volumes and consisted of 1 x PCR buffer, 0.4mM of each dNTP, 0.6 
M of each primer 4mM MgCl2, 1 unit of Taq polymerase (Invitrogen) and 2 L of 
DNA extract. PCR thermal cycling was initiated with a first denaturation step at 94ºC 
for 3 min, followed by 30 cycles of denaturation at 95 ºC for 30s, annealing at 50ºC 
for 30s, and extension at 72ºC for 40s. An additional extension at 72ºC for 5 min 
completed the amplification. Products were purified using a QIAGEN QIAquick 
PCR purification kit, with final elution volumes of 30 L per sample. A 2 L sample 
of each purified product was electrophoresed in 1% agarose/TAE gel and stained 
with ethidium bromide for visualisation under UV light. DNA concentrations were 
approximated against a DNA/Hae III marker (Promega). ABI BigDye terminator 
cycle sequencing protocol was used to prepare samples for sequencing. Samples 
were dried and sent to the Institute of Medical and Veterinary Science (IMVS) in 
Adelaide for direct sequencing using an ABI 3700 automated sequencer. In order to 
verify sequence accuracy and resolve any ambiguous bases, both strands were 
sequenced for all individuals. 
Sequence chromatograms were viewed and edited manually using the ABI Sequence 
Navigator Software (version 1.0.1). Sequences were aligned by eye, and then 
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imported into PAUP* 4.0 ab10 (Swofford 2000) software package for phylogenetic 
analyses.  
Phylogenetic analyses under the minimum evolution (ME), maximum parsimony 
(MP) and maximum likelihood (ML) optimality criteria were implemented in 
PAUP* version 4.0ab10 (Swofford, 2000). All characters were considered unordered 
and equally weighted under MP. The appropriate model of DNA substitution for ML 
and ME analyses was determined using ModelTest version 3.06. This procedure 
implements a hierarchical likelihood ratio test to determine the model that best fits 
the data. For all three optimality criteria, a heuristic search option applying 10 
random stepwise additions of taxa and the tree bisection reconnection (TBR) branch 
swapping method was performed. Confidence levels in trees relationships was 
evaluated based on non-parametric bootstrapping with 1000 (MP & ME) and 100 
(ML) pseudo-replicate data sets. Trees were out-group rooted using Bidyanus welchi. 
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2.3 RESULTS 
2.3.1 Allozyme Data 
The 32 enzyme systems used yielded 39 presumptive allozyme loci. In a few 
individuals, the age of the tissue samples resulted in insufficient activity for scoring 
of some loci (i.e. Acon1 and Acon2). Ten loci (Ak, Ald1, Ald2, Gsr, Idh, Mdh1, 
Mdh2, PepD2, Pk and Sod) were monomorphic in all samples, including the out-
group L. aheneus. The remaining 27 loci were either polymorphic in at least one 
population or diagnostic for L. unicolor and L. aheneus. Allelic frequencies at these 
27 loci are presented in Table 2.3. 
Despite the large proportion of polymorphic loci, there are few fixed allelic 
differences between populations of L. unicolor. Moreover, the apparent fixed 
differences, which are present, almost always involve alleles found in other 
populations, and may therefore be a statistical artefact of the small sample sizes 
involved rather than a genuine demonstration of genetic distinctiveness. In addition, 
there is no obvious geographic correlation to the pattern of allelic variation across 
polymorphic loci. Divergence ranges among L. unicolor populations are low (Nei 
D’s 0.009-0.111), with the greatest divergence between the Pilbara (PILB) and Daly 
(DALY) regions. In contrast, the level of divergence between L. unicolor and L. 
aheneus is considerable, with “fixed” allelic differences at seven loci and an average 
Nei D of 0.3821. As both the Rogers and Nei’s distance matrices produced very 
similar outcomes, only the UPGMA dendrogram based on Nei Ds is presented herein 
(Figure 2.2). This dendrogram reveals no clear dichotomies within L. unicolor and no 
obvious correlations between genetic relationships and biogeographic regions. For 
example, samples from the LEB are spread widely throughout the dendrogram and 
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populations over 3000km apart sometimes cluster together (eg. 45 Fitzroy (FITZ) 
with 1 Pilbara (PILB) and 16 Arnhem (ARNH)).  
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Figure 2.2 A UPGMA dendrogram showing the relationships between 
populations of L. unicolor based on the unbiased genetic distances of Nei (1978). 
Biogeographic regions outlined by Unmack (2001) are shown next to sample 
numbers. 
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The MDS plot (Figure 2.3) also fails to reveal any clustering of populations 
indicating a general lack of concordance between genetic and geographic distance 
within L. unicolor, with the degree of genetic variation among populations within 
regions on average exceeding that between regions. However, there is some evidence 
of a broad geographic trend, with the more westerly populations generally displaying 
negative scores on axis one and the more easterly populations displaying positive 
scores. Nevertheless, there are no discrete clusters of samples as would be expected 
if cryptic species or pronounced population sub structuring were present. 
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Figure 2.3 Multidimensional Scaling (MDS) ordination of 34 Leiopotherapon 
unicolor populations based on Roger’s (1972) genetic distance for 37 allozyme 
loci. Population numbers correspond with sample site locations in Table 2.1. 
Legend figures correspond with Unmack’s (2001) biogeographic regions Figure 
1.3. 
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Table 2.3 Allele frequencies (expressed as %) at 27 variable loci for the 35 
populations of Leiopotherapon analysed. Missing data is indicated with a ***. 
(L.a =L. aheneus) 
Locus Allele 1 2 4 5 7 8 9 14 15 16 17 18 21 23 24 25 26 27 
Acon1 a                   
 b                   
 c 100 *** 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 7  4 2 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Acon2 a                   
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 4 2 4 2 1 4 4 4 2 2 2 2 1 4 2 2 4 4 
Acon3 a 100 100 100  75 100 100 87 75 50 75 50 50 33  25 50 33 
 b          25         
 c    *** 25   13 25 25 25 50 50 67 100 75 50 67 
 N 7 2 4  4 4 3 4 2 2 2 2 1 3 2 2 4 3 
Acyc a        12 50  50     50   
 b 100 100 100 100 100 100 100 88 50 100 50 100 100 100 100 50 100 100 
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Ada a               75  88 62 
 b                   
 c     13           50  13 
 d                   
 e     87 100   50  25 100  75 25 50 12 25 
 f                   
 g              25     
 h 100 100 100 100   100 100 50 100 75  100      
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Adh a                   
 b 100 100 100 100 100 100 100 100 100 75 100 100 100 100 100 100 100 100 
 c          25         
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Ck a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 b                   
 N 7 2 4 3 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Enol a       25     25    25   
 b 100 100 100 100 100 100 75 100 100 100 100 75 100 100 100 75 100 100 
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Fdp a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 b                   
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Fum a  50                 
 b 100 50 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Glo a                  12 
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 62 100 100 100 88 
 c              38     
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Got1 a                   
 b                   
 c 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Got2 a      37             
 b 100 100 100 100 100 50 88 75 100 100 100 75 100 37  50   
 c                   
 d      13 12 25    25  63 100 50 100 100 
 N 7 2 4 3 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
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Table 2.3 Continued 
Locus Allele 1 2 4 5 7 8 9 14 15 16 17 18 21 23 24 25 26 27 
Gpd a   12                
 b 100 100 88 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 4 2 4 3 1 4 4 100 2 2 2 2 1 4 2 2 4 4 
Gpi1 a 100 100 100 100 100 100 87 4 100 100 100 100 100 100 100 100 100 100 
 b       13            
 c        100           
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Gpi2 a        87           
 b      13     50        
 c 100 100 100 100 100 87 100 13 75 100 50  100 100 100 100 100 100 
 d        4    100       
 e        12 25          
 N 7 2 4 4 4 4 4 88 2 2 2 2 1 4 2 2 4 4 
Me a 100  75 88 75 100 100 4 50 75 25 50 50 63  75 87 37 
 b         50  75        
 c  100 25 12 25     25  50 50 37 100 25 13 63 
 N 7 2 4 4 4 4 4  2 2 2 2 1 4 2 2 4 4 
Mpi a  50 87 75               
 b 100 50 13 25 100 100 100  100 100 100 100 100 100 100 100 100 100 
 c                   
 d                   
 N 7 2 4 4 4 4 4 100 2 2 2 2 1 4 2 2 4 4 
Ndpk a        4  25  50       
 b 100 *** 100 100 100 100 100  100 75 100 50 100 100 100 100 100 100 
 N 7  4 4 1 4 4 100 2 2 2 2 1 4 2 2 4 4 
PepA a      12             
 b 100 100 100 100 100 88 100 4 100 100 100 100 100 100 100 100 100 100 
 c        100           
 N 7 2 4 4 4 4 4  2 2 2 2 1 4 2 2 4 4 
PepB a        4           
 b 100 100 100 100 100 100 100  100 100 100 100 100 100 100 100 100 100 
 c        100           
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
PepD a  50  13   62 100    50       
 b 100 50 100 87 100 100 38  100 100 100 50 100 100 100 100 100 100 
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
6Pgd a      62   25  50        
 b 100 100 100 100 100 38 100 100 75 100 50 100 100 100 100 100 100 100 
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Pgk a 100 100 100 100 100 100 100  100 100 100 100 100 100 100 100 100 100 
 b        100           
 N 7 2 4 4 4 4 3  2 2 2 2 1 4 2 2 4 4 
Pgm a        4           
 b 100 100 100 100 100 100 100  25 100 50 75  50 100 75 87 100 
 c         75  50 25 100 37  25 13  
 d        100      13     
 N 7 2 4 4 4 4 4 4 2 2 2 2 1 4 2 2 4 4 
Sordh a 100 100 100 100 100 100 100  100 100 100 100 100 100 100 100 100 100 
 b        75           
 N 7 2 4 4 4 4 4  2 2 2 2 1 4 2 2 4 4 
Tpi a 100 100 100 100 100 100 100 25 100 100 100 100 100 100 100 100 100 100 
 b        4           
 N 7 2 4 4 4 4 4  2 2 2 2 1 4 2 2 4 4 
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Table 2.3 Continued 
Locus Allele 28 29 30 31 32 33 34 35 36 37 38 42 43 44 45 46 L. a 
Acon1 a        12      12    
 b                10  
 c 100 100 100 100 100 100 100 88 100 100 100 100 100 88 100 90 *** 
 N 9 1 2 2 2 5 1 8 1 4 2 1 3 4 3 5  
Acon2 a                 100 
 b 100 100 100 100 *** 100 *** 100 100 100 100 100 100 100 100 100  
 N 4 1 3 2  3  4 1 4 2 1 3 4 3 5 3 
Acon3 a 14  100 100 17 100 100 94  50 50 50 33 37 83 50 100 
 b                  
 c 86 ***   83   6 100 50 50 50 67 63 17 50  
 N 7  3 2 3 6 1 8 1 3 2 1 3 4 3 1 3 
Acyc a 6 50 50 75 25 62 50 12 50 50    50  100  
 b 94 50 50 25 75 38 50 88 50 50 100 100 100 50 100  100 
 N 8 1 2 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Ada a 11     62 50 13     17  17 30 17 
 b        6       33   
 c 17 50    19  6 50 25 25 50 33 63 17   
 d                 17 
 e 72  100 75 100 19 50 69 50 62 50  50 37  70 66 
 f  50                
 g                  
 h    25    6  13 25 50   33   
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Adh a               17   
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 83 100 100 
 c                  
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Ck a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100  
 b                 100 
 N 9 1  2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Enol a      12 50    50     20  
 b 100 100 100 100 100 88 50 100 100 100 50 100 100 100 100 80 100 
 N 9 1 3 2 4 8 1 8 1 4 1 1 3 4 3 5 3 
Fdp a 100 100  100 100 100 100 100 100 100 100 100 100 100 50 100 100 
 b   ***            50   
 N 9 1  2 4 8 1 8 1 4 2 1 3 2 3 5 3 
Fum a                  
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Glo a                  
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c                  
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Got1 a                 83 
 b                 17 
 c 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100  
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Got2 a 31 50    44            
 b 50 50 *** 50 88 56 50 75 100 100 100 100 67 100 100 100  
 c                 17 
 d 19   50 12  50 25     33    83 
 N 8 1  2 4 8 1 8 1 4 2 1 3 4 3 5 3 
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Table 2.3 Continued 
Locus Allele 28 29 30 31 32 33 34 35 36 37 38 42 43 44 45 46 L. a 
Gpd a                 100 
 b 100 100 *** 100 *** 100 *** 100 100 100 100 100 100 100 100 100  
 N 3 1  2  2  4 1 4 2 1 3 4 3 5 3 
Gpi1 a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100  
 b                  
 c                 100 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Gpi2 a                 17 
 b                  
 c 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100  
 d                 83 
 e                  
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Me a 94 50 50 25 75 56 50 12  63  100 100 50 50 100 100 
 b                  
 c 6 50 50 75 25 44 50 88 100 37 100   50 50   
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Mpi a                  
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 17 
 c                 17 
 d                 66 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Ndpk a                  
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 *** 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5  
PepA a                  
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100  
 c                 100 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
PepB a      6            
 b 100 100 100 100 100 94 100 100 100 100 100 100 100 100 100 100  
 c                 100 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
PepD a   17             10 83 
 b 100 100 83 100 100 100 100 100 100 100 100 100 100 100 100 90 17 
 N 8 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
6Pgd a                  
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 3 3 5 3 
Pgk a 100 100 100 100 100 100 100 100 100 100 50 100 100 100 100 100 100 
 b           50       
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 3 3 5 3 
Pgm a               16   
 b 83 50 83 75 62 87 100 94 100 87 75 100 50 100 67 50 100 
 c 17 50 17 25 38 13  6  13 25  50  17 50  
 d                  
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
Sordh a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 66 
 b                 34 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 2 5 3 
Tpi a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100  
 b                 100 
 N 9 1 3 2 4 8 1 8 1 4 2 1 3 4 3 5 3 
47 
2.3.2 Mitochondrial Data 
 
An approximately 560bp fragment of the partial 16S rRNA mitochondrial 
gene was sequenced. Sequences have been deposited in GenBank under the 
accession numbers: AY 935324 - AY 935339. Of the 562 aligned nucleotide sites, no 
indels were found and 33 sites were variable, with 15 of these parsimony 
informative. 
Using ModelTest, the optimum model of nucleotide substitution found for the 
ME and ML analyses was the K80+I+G mode; ti/tv ratio was estimated to be 7.61 
and the gamma shape distribution parameter was 0.3377. The three methods of 
phylogenetic reconstruction, ML, MP and ME, generated identical topologies for the 
data set, therefore only the ME tree is presented (Figure 2.4). 
Fourteen haplotypes, differing at between one and four bases, were identified 
from the 80 individuals of L. unicolor sequenced (Table 2.1); eight of these 
haplotypes were found only in a single population and only one population (43) 
contained more than one haplotype; of the remaining haplotypes, most were found in 
either a single biogeographic region or across no more than two regions. Two 
haplotypes, A and B, were the most common, occurring in 25 of the populations 
sampled and within six of the biogeographic regions. The most divergent haplotype 
identified was haplotype L from the Western Kimberely (WKIMB) region, however 
populations from this region also contained the widely distributed haplotype A.  
The ME tree depicted in Figure 2.4 shows the relationship between L. 
unicolor haplotypes and the closely-related outgroup L. aheneus. From this tree it 
can be seen that the L. unicolor haplotypes group in a well-supported, monophyletic 
clade and that the divergence levels among haplotypes is small compared to the 
48 
divergence between the ingroup and outgroup samples. The lack of divergence 
among haplotypes and low bootstrap support for relationships among L. unicolor 
haplotypes provides no evidence for the presence of cryptic species or significant 
phylogeographic structuring within this species.  
An unexpected outcome was the presence of two highly-divergent haplotypes 
within the outgroup species L. aheneus, within the single population sampled. These 
two haplotypes differ at 21 bases and thus display considerably more divergence than 
is exhibited by L. unicolor across its entire geographic range. Such a finding suggests 
that the lack of genetic diversity within L. unicolor is not simply a consequence of 
conservatism of the 16S rRNA gene selected for study, but rather a genuine 
demonstration of genetic homogeneity within the mtDNA of this widespread species. 
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Figure 2.4 Minimum Evolution tree for Leiopotherapon unicolor haplotypes, 
number of individuals are shown in parenthesis and biogeographic regions are 
shown in bold. The numbers at each node represent bootstrap values; above the 
line is MP and ML respectively and below the line is ME.  
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2.4 DISCUSSION 
 
The results of this study based upon comprehensive allozyme and 16s 
mtDNA data sets, failed to identify any cryptic diversity within the species 
Leiopotherapon unicolor of taxonomic significance. Thus, this species retains its 
position as Australia’s most widespread freshwater fish species. This finding is 
surprising, given the number of cryptic taxa that are being discovered within 
geographically widespread Australian freshwater fish and crustacean species 
(Crowley and Ivanstoff 1990; Crowley et al. 1986; Musyl and Keenan 1992; Musyl 
and Keenan 1996; Ovenden et al. 1993; Sanger 1986) and the aridity of the 
Australian continent. As a consequence, this finding has important implications for 
the understanding of the origin and evolution of Australia’s inland aquatic fauna, 
especially over more recent time scales, the adaptations that allow L. unicolor to 
persist and colonise successfully and more specifically the adaptive radiation of 
terapontid fish within the Australasian region.  
The prevailing views on the development and evolution of Australia’s inland 
aquatic fauna is that it comprises diverse elements that include (1) true freshwater, 
evolutionary relicts (lungfish, syncarid crustaceans), (2) old endemics with 
Gondwana relationships (percicthyid fish and parastacid crayfish), (3) relatively 
recent invaders with mostly Asian affinities (Gobiidae and Barramundi, Lates 
calcarifer (Morgan and Gill 2004) and (4) species which have evolved very recently 
from estuarine or marine ancestors (Wager and Jackson 1993). Leiopotherapon 
unicolor and other Australian Leiopotherapon species would fall within the third 
category, however the biogeographic classification of the terapontid fishes more 
generally is not as clear and requires further investigation. Recent work indicates 
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ancestral terapontids appear to have been euryhaline in habitat affiliation, with a 
single transition to freshwater environments producing all Australasian freshwater 
species (Davis et al. 2012). 
It is considered that the aridification of the Australian continent over the last 
15 million years has had a profound effect upon the evolution and overall 
biodiversity of Australia’s freshwater taxa (Williams 1984). For example, a recent 
comprehensive study of the diversity and biogeography of Australia’s freshwater fish 
fauna by Unmack (2001) found the incidence of regional endemism in Australia to 
be high, particularly in southern, western and central Australia. Not surprisingly, 
Unmack (2001) attributed these high levels of endemism to the isolating effects of 
aridity, particularly such occurrences as the formation of the Nullarbor Plain and the 
limitations this places on dispersal opportunities. 
The finding that L. unicolor inhabits many of the distinctive bio-regions 
identified by Unmack (2001) without displaying any conspicuous genetic divergence 
indicates that opportunities for dispersal have occurred over northern and central 
Australia in the relatively recent past. Thus the high levels of endemism identified by 
Unmack (2001) must reflect not only the physical opportunities for inter-catchment 
transfer, but also to a great extent the dispersal ability, ecology and life history of 
particular fish species.  
It is also likely that the biogeographic relationships among regions 
established by Unmack (2001) based on an analysis of similarities found are older 
patterns than those reflected by L. unicolor. Unmack (2001) considered the major 
patterns found to represent Miocene-Pliocene phenomena, whereas the limited 
divergence within L. unicolor over its range indicates that it has been able to disperse 
effectively and has most likely achieved its current distribution during the period 
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from the Pleistocene until recent times. While aridity has been increasing in Australia 
since the late Miocene and has significantly influenced the evolution of its biota, 
there have also been wetter periods than the present day. Northern Australia, in 
particular after an arid phase, has become increasingly influenced by monsoonal 
weather patterns since its merger with Papua New Guinea some five million years 
ago (Keast 1981). Further, over the last 100,000 years, Australia has experienced 
much wetter climates during interglacial periods (Nanson et.al. 1992) which have 
been considered important for the dispersal of freshwater dependent fauna. The wide 
distribution of several other freshwater dependent organisms provides additional 
evidence supporting the existence of much wetter periods over the last 3 million 
years that have allowed extensive dispersal of elements of Australia’s inland aquatic 
fauna.  
Climate would certainly play a large role in determining dispersal 
opportunities. In Australia, the hydrogeological conditions of lakes, rivers and 
springs have in contrast to the geology varied continuously throughout the 
Pleistocene. Whilst the drainages themselves were established in the Palaeocene 
(Henderson and Stephenson 1980) the constant swings through arid and lacustral 
phases in Australia would have influenced dispersal events. The bony bream 
(Nematalosa erebi) and the freshwater shrimp (Macrobrachium australiense) both 
have wide distributions across northern and central Australia only slightly smaller 
than L. unicolor. In the case of M. australiense molecular data (16S sequences) show 
relatively limited divergence over its geographic range and the bony bream is 
currently under study (refer to this thesis Chapter 3). Further, Australia’s two most 
widespread freshwater crayfish species occur across Australia (Cherax 
quadricarinatus) and central Australia (Cherax destructor). Both these species have 
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been subject to genetic studies and both have very limited genetic diversity in spite 
of their extensive distributions (Nguyen et al. 2005).  
The wide distribution of L. unicolor, its occurrence in isolated water bodies 
and high dispersal capacity as inferred from limited genetic diversity over its 
geographic range implies a set of special adaptations. The species has a wide 
environmental tolerance, studies have shown L. unicolor to survive temperatures 
ranging from 5ºC to 44ºC, this study caught samples in waters of varying salinities, 
from freshwater to bores and pools with salinities greater than that of sea level. 
Spawning occurs in water temperatures 20ºC to 36ºC, the randomly dispersed eggs 
are demersal and non-adhesive and hatch within 50 hours (Glover 1979; Glover 
1982; Llewellyn 1973). These large tolerance ranges coupled with the flexible life 
history of this species allow it to successfully exploit a wide range of inland aquatic 
environments. During periods of extreme aridity refuge provided by permanent 
springs and water holes may have been essential for the inland persistence of the 
species. Lastly, there is anecdotal evidence to suggest that this species has aestivation 
capabilities either as adults or as egg resting stages (Whitley 1959). If this is the case, 
wind and or bird transport of resting stages may help explain the wide distribution 
and colonisation ability of this species. 
A further alternative explanation to the lack of genetic divergence found in 
this species could be that L. unicolor shows a slow rate of molecular evolution. Rates 
of morphological and molecular evolution can be highly variable between and within 
taxonomic groups and reduced rates of molecular evolution have been evoked. 
However, this possibility is considered unlikely as the extreme environments 
inhabited by L. unicolor, in terms of both temperature and salinity and the species 
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extremely large reproductive capacity and short generation time means that 
evolutionary rates would be expected to be enhanced rather than reduced. 
The genus Leiopotherapon is placed in the family Terapontidae which 
contains 16 genera and about 46 species of small to medium sized perch like fish that 
exploit marine, brackish and freshwaters of the Indo-Pacific region (Berra 2001). The 
majority of species, however, are restricted to the freshwaters of Australia and New 
Guinea. There is a diverse assemblage of Australian species in this family, the family 
itself has been present in Australia’s freshwaters for at least 30 million years, as a 
terapontid fossil found in freshwater sediments of Queensland dating back to the 
Oligocene suggests (Allen et al. 2002). The family contains several species with very 
restricted distributions, sometimes endemic to a single river system, therefore, it is 
not unreasonable to suggest that despite the long history of the family in Australian 
freshwaters, the species L. unicolor is a recent invader. 
It is unknown if Australia’s freshwater terapontidae fauna are the product of a 
single or multiple invasions, or their likely origin(s). Other than (Merrick 1980) 
study of the relationship between a number of terapontid genera using allozymes and 
morphology there have been few systematic studies of these fishes and none that 
have utilised DNA sequence data. With respect to L. unicolor, it most likely 
originated from far north Western Australia as its closest relatives occur in the 
Pilbara and Kimberley regions. However, it is unknown if the closest relative of the 
genus Leiopotherapon is another Australian or an Indo-Pacific genus of terapontid 
fishes. Clearly the systematics and diversification of this widespread group of fishes 
would benefit from further molecular phylogenetic study. 
An unexpected outcome of this study, especially given the number of 
populations of the target species sampled, was finding evidence suggesting the 
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existence of two sympatric cryptic species among the five L. aheneus individuals 
sampled from the Fortescue River in Western Australia. This is consistent with the 
unexpected finding of cryptic species of Australian freshwater fish using molecular 
data in a variety of taxonomic groups (Musyl and Keenan 1996) and highlights the 
value of genetic data for identifying cryptic species. Clearly more comprehensive 
studies of Leiopotherapon especially L. aheneus are required to further our 
understanding of the systematics of and evolution of these intriguing fish.  
 
56 
CHAPTER 3. 
MOLECULAR SYSTEMATICS AND PHYLOGENETICS OF THE 
AUSTRALIAN FRESHWATER FISH NEMATALOSA EREBI 
(GÜNTHER, 1868) 
 
3.1 INTRODUCTION 
Nematalosa erebi, commonly referred to as bony bream; from the Clupeidae 
family is the second most widespread fish in Australia (Wager and Unmack 2000). It 
is abundant throughout the waters of central and northern Australia, preferring the 
still water habitats typical of these areas. It is also found in large flowing systems 
such as the Murray Darling, however, in such rivers it is usually restricted to the 
shallow or still areas (Puckridge et al. 1989) occurring in large numbers in Lake 
Albert and Lake Alexandrina, near the Murray River mouth. Wherever they are 
present, N. erebi are usually highly abundant, and have a wide tolerance range for 
most physico-chemical factors such as temperature, pH and salinity, tolerating water 
temperatures ranging from 9oC – 38oC and pH between 4.8-8.6, however, 
Nematalosa erebi are very susceptible to oxygen depletion (Merrick and Schmida, 
1984), and this is one of the reasons they are the first species to perish when 
ephemeral habitats begin to dry up.  
This species has several marine relatives and its closest Australian relative 
Potamalosa richmondia is anadromous (Berra 2001), spending only part of its 
lifecycle in freshwater. Nematalosa erebi can tolerate highly saline conditions and 
during this study was sampled in lakes and pools with salinities approaching that of 
seawater. Despite this tolerance, there is little probability of this species extending its 
range via saline, coastal estuaries and drainages.  
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In the Murray River, individuals grow to 470mm and spawn in early summer 
independent of flooding. They are highly fecund, with females measuring 199-
403mm in total body length producing 33,000-880,000 eggs (Puckridge and Walker 
1990). It is believed that northern populations breed several times a year and reach 
peak activity in the wet season. 
The large habitat range and widespread distribution of this species in 
Australia makes it an excellent choice for a phylogenetic study. The fact that it is 
confined to inland freshwaters means that dispersal potential is somewhat limited, 
which in turn increases potential for divergence and therefore the likelihood of 
detecting the presence of sibling species. This species has not been studied from a 
phylogenetic perspective, in fact, apart from some biology and life history work, the 
taxonomy of N. erebi has not been studied since its re-description and name revision 
(Whitehead 1985).  
Historically, biogeography has followed the assumption that species with 
similar distributional patterns have similar histories. This, of course, ignores the roles 
played by dispersal and different ecologies and has been a confounding factor in past 
studies of biogeography (McDowall 1978). The distribution of N. erebi in Australia 
is similar, although slightly smaller, to the distribution of L. unicolor (examined in 
chapter 2).  
These two species because of their distributions and their abundance are ideally 
suited to an Australian freshwater phylogeographic study. Whilst the distribution of 
N. erebi in Australia is highly similar to that of L.unicolor, these two species differ 
markedly in terms of their ecology (Wager and Unmack 2000). Therefore they must 
be treated separately but can be used simultaneously to test existing phylogeographic 
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hypotheses and further to examine the impact different dispersal abilities and 
reproductive strategies have on genetic diversity.  
The possible explanations for the distributional bimodality of N. erebi are the 
same as those outlined for L. unicolor in Chapter 2, however, the dispersal ability of 
this species in relation to reproduction is more limited than for L. unicolor. Unlike L. 
unicolor, this species is not a good eating fish being very bony and is therefore rarely 
angled for, lowering the likelihood of translocation by human means. The limited 
dispersal capabilities of N. erebi suggest the possibility of finding evidence of 
morphologically conserved sibling species within the N. erebi taxa, indicating that 
what is believed to be a widespread species is in fact a composite of two or more 
representatives. 
 Existing biogeographic regions in Australia (Unmack, 2001) are based on 
phenotypically inferred taxonomic relationships, and distributional records of 
species. This chapter employs some of the recent advances in molecular 
phylogenetics to test the robustness of existing taxonomic and biogeographic 
hypotheses for N. erebi, to gain greater insight into the evolution of this taxon. 
This study utilises a combination of allozyme and mtDNA sequence data to 
test the null hypothesis that N. erebi represents a single widespread species. 
Conventional approaches to the delineation and identification of species and 
populations using allozyme data (Georges and Adams 1992; Richardson et al. 1986) 
and a lineage-based approach using mitochondrial 16S rRNA and Cytochrome b 
sequences (Avise 1994) were employed. Apart from addressing the specific question 
of cryptic speciation versus high colonisation potential in widespread inland fishes, 
the geographic distribution of phylogenetic groupings may be used to make 
inferences about speciation and dispersal in N. erebi. This study also aims to examine 
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the phylogeographic structure of N. erebi within and among major Australian 
drainage basins; with a view to investigating the historical connections between these 
basins and to examine previously established hypotheses of biogeographical 
associations among them. 
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3.2 MATERIALS AND METHODS 
3.2.1 Sample Collection 
Frozen or ethanol preserved samples of N. erebi were collected throughout 
the entire known Australian range of this species (Figure 3.1). Although this species 
has been recorded in Papua New Guinea, samples from here were not obtained 
during this study. Samples were obtained from several sources i.e. frozen material 
from the existing tissue collections of the South Australian Museum (SAM) and the 
Australian Museum (AM), field collecting, and some additional tissue samples or 
specimens stored in 70% ethanol collected by other researchers (Queensland 
University of Technology). In the field, fish were caught by hook and line, baited 
traps, cast nets or seine nets. These samples were snap frozen in liquid nitrogen and 
subsequently stored in the laboratory at –80ºC. 
A total of 74 specimens of N. erebi representing 36 sites throughout their 
habitat range were obtained and used for genetic analysis (Figure 3.1,Table 3.1). In 
addition, multiple specimens of the related Potamalosa richmondia were obtained 
and used as the outgroup in both the allozyme and mtDNA analysis. 
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Figure 3.1 Map showing numbered locations of Nematalosa erebi sampling 
sites, accurate location details are listed in Table 3.1. 
 
62 
Table 3.1  Sample codes, sites, localities and methods of analysis for 
Nematalosa erebi sampled in Australia. Observed haplotype codes are provided 
for the combined data set. 
Site 
No. Location Name 
Unmack1 
Region 
Allozyme 
Data (n) 
16S 
(n) 
Cyt b  
(n) 
 
mtDNA 
Hap’s 
Longitude  
DD MM 
Latitude 
DD MM 
1 Fortescue River PILB 3 3 2 P & Q -21 00 116 06 
2 Sherlock River PILB 3 2 2 P -20 42 117 33 
3 De Grey River PILB 1 1 1 O -20 11 119 11 
4 Spillway Creek VOR 3 2 1 N -16.01 128 46 
5 Ella Creek ARNH - 2 1 I -12 46 131 04 
6 Blyth River ARNH 2 2 1 D -12 03 134 35 
7 Mann River ARNH 2 2 1 D -12 20 134 06 
8 Longreach Waterhole WGC 2 2 1 J -17 37 133 20 
9 Leichhardt Falls SGC 2 2 1 K -18 13 139 53 
10 Gunpowder Creek SGC 2 2 1 J -19 14 139 59 
11 Butchers Creek LEB 2 2 1 A -20 43 139 29 
12 Norman River SGC - 2 1 K -17 27 140 49 
13 Cadell Creek SGC 3 2 1 A -20 55 141 49 
14 King Creek LEB 3 2 1 C -24 37 139 30 
15 Lilla Creek LEB 2 2 1 A -25 38 133 54 
16 2 Mile Hole LEB 2 2 1 A -25 59 135 20 
17 Finke River LEB 1 2 1 B -25 59 135 20 
18 Neales River LEB 1 2 1 A -28 12 136 38 
19 Warburton River LEB 1 2 1 C -27 54 137 11 
20 Peake Creek LEB 2 2 1 B -28 01 136 07 
21 Whiteknob Dam LEB - 2 1 A -29 46 135 23 
22 Frome Creek LEB 2 2 1 A -29 04 137 54 
23 Coopers Creek LEB - 2 1 A -28 23 137 41 
24 Coongie Lakes LEB 3 2 1 A -27 11 140 10 
25 Bulloo River BULL 2 2 1 L -29 24 142 47 
26 Warrego River MDB 2 2 1 G -29 00 145 40 
27 Narran River MDB 3 2 1 H -29 00 148 04 
28 Georgina River LEB - 2 1 M -23 40 139 45 
29 McDonnell Creek BURD 3 3 2 E -17 12 145 54 
30 Fairbairn Dam FITZ - 2 1 E -22 25 147 45 
31 Gambling Creek FITZ 1 1 1 A -23 01 144 33 
32 Lake Machattie FITZ 3 2 1 D -24 39 149 37 
33 Macleay River NEN - 2 1 G -30 44 152 15 
34 Potamalosa richmondia Camden Haven Inlet NEN 1 1 1 OG -31 38 152 30 
35 Murray River MDB 1 2 2 F -36 07 144 45 
36 Lake Alexandrina MDB 1 1 1 F -35 25 139 07 
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3.2.2 Allozyme Electrophoresis 
The allozyme analyses were conducted based on an overview design in order 
to examine species boundaries and broad population structure, and thereby 
incorporated a large number of loci, small sample sizes per locality and numerous 
localities spread across the species’ geographic range (Hillis et al. 1996; Richardson 
et al. 1986). A total of 59 individuals from 29 locations, including one representative 
of the outgroup P. richmondia, were screened for allozyme variation at 42 putative 
loci (Table 3.2). 
For allozyme analysis, homogenates comprised of a small sample of caudal 
muscle sonicated in an equal volume of lysing solution (0.02MTris-HCl, pH 8.0, 
0.2% 2-mercapatol ethanol and 0.02% β Nicotinamide adenine dinucleotide 
phosphate (NADP). Homogenates were centrifuged at 10,000g for ten minutes then 
stored at -20oC as separate 10-20 μl aliquots in glass capillary tubes. Homogenates 
were assayed for allozyme variation on cellulose acetate gels (Cellogel®, MALTA, 
Milan), according to the protocols of (Richardson et al. 1986). Enzymes are referred 
to by their Enzyme Commission (E.C.) Number. Table 3.2 summarises the enzymes 
screened, number of loci resolved and running conditions. All enzymes that produced 
zymograms of sufficient resolution and intensity to permit genetic interpretation 
were scored following staining, and the gels themselves scanned several times over 
the time course of staining to provide permanent digital records (as 200dpi JPEG 
images). Allozymes were designated alphabetically and multiple loci, where present, 
were labeled numerically, both in order of decreasing electrophoretic mobility.  
The genetic affinities of individuals were explored using Principal Co-
ordinate Analysis (PCA) implemented on a pair-wise matrix of Rogers’ genetic 
distance (Rogers 1972) using PATN (Pattern Analysis Package, DOS version). 
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Homogenous genetic groupings from a site were treated as a distinct Operational 
Taxonomic Units (OTU’s). Two between-OTU estimates of genetic similarity were 
calculated; (1) percentage fixed differences (%FD) (Richardson et al. 1986), 
allowing a 5% tolerance (i.e. the cumulative total of any alleles in common at a locus 
should not exceed 5%) and (2) corrected Nei’s Genetic Distance (Nei’s D) As 
explained by (Richardson et al. 1986), the number of fixed or diagnostic differences 
is biologically more relevant than any measure based on differences in allele 
frequency (such as Nei’s D) for the delineation of species boundaries, whereas the 
latter is a more appropriate measure of between population divergence and relevant 
for assessing systematic hierarchies above and below the rank of species. 
The relationships among OTUs based on genetic distance were summarised 
using UPGMA (unweighted pair-group method of arithmetic averages) dendrograms 
constructed from Nei’s D values using the software package Tools For Population 
Genetic Analysis (TFPGA), (Miller 1997). Multidimensional scaling was used to 
reveal clustering patterns. Roger’s (1972) genetic distance matrix was used to place 
all the populations into a two dimensional space in a way that represents all of the 
distance measures between all populations. Two-dimensional scaling is an excellent 
way to provide a visual indication of genetic structuring within each species, as it can 
highlight both hierarchical and linear geographic structuring unlike UPGMA which 
can impose a hierarchy regardless of whether or not one exists (Lessa 1990). 
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Table 3.2 Enzymes screened, enzyme commission numbers, number of loci 
resolved and running conditions for Nematalosa erebi. Coding for buffers 
follows that used by Richardson et al. (1986). Run times are in minutes (all gels 
were run at 5-10oC). Stains follow the default method (i.e. Method A) of 
Richardson et al. (1986), except for the enzyme ACYC, which was adapted from 
Manchenko (1994). 
Protein Abbre-
viation 
E.C. 
Number 
Number 
of Loci 
Run time 
(Minutes) 
Buffer 
aconitase hydratase ACON 4.2.1.3 1 150 A 
acid phosphatase ACP 3.1.3.2 1 140 D 
aminoacylase ACYC 3.5.1.14 1 140 C 
adenosine deaminase ADA 3.5.4.4 1 140 B 
adenylate kinase AK 2.7.4.3 1 150 B 
fructose-bisphosphate aldolase ALD 4.1.2.13 2 110 B 
carbonate dehydratase CA 4.2.1.1 1 150 I 
creatine kinase CK 2.7.3.2 1 140 B 
enolase ENOL 4.2.1.11 1 150 A 
fumarate hydratase FUM 4.2.1.2 1 150 C 
glyceraldehyde-3-phosphate 
dehydrogenase 
GAPD 1.2.1.12 2 110 B 
lactoylglutathione lyase GLO 4.4.1.5 1 120 C 
aspartate aminotransferase GOT 2.6.1.1 3 140 B 
glycerol-3-phosphate 
dehydrogenase 
GPD 1.1.1.8 2 195 C 
glucose-6-phosphate isomerase GPI 5.3.1.9 1 150 A 
glutathione reductase GSR 1.6.4.2 1 135 B 
isocitrate dehydrogenase IDH 1.1.1.42 2 150 A 
L-lactate dehydrogenase LDH 1.1.1.27 2 120 B 
malate dehydrogenase MDH 1.1.1.37 2 140 A 
"malic" enzyme ME 1.1.1.40 2 120 B 
mannose-6-phosphate isomerase MPI 5.3.1.8 1 140 B 
dipeptidase PEPA 3.4.13 2 135 C 
tripeptide aminopeptidase PEPB 3.4.11 1 150 C 
proline dipeptidase PEPD 3.4.13 1 140 C 
phosphoglycerate mutase PGAM 5.4.2.1 1 135 C 
phosphogluconate dehydrogenase 6PGD 1.1.1.44 1 150 B 
phosphoglycerate kinase PGK 2.7.2.3 1 140 B 
phosphoglucomutase PGM 5.4.2.2 1 140 C 
pyruvate kinase PK 2.7.1.40 2 135 B 
L-iditol dehydrogenase SORDH 1.1.1.14 1 150 C 
triose-phosphate isomerase TPI 5.3.1.1 1 140 B 
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3.2.3 DNA Extraction and Amplification 
 
Total genomic DNA (mtDNA) was extracted from muscle tissue using the 
method of Crandall & Fitzpatrick (1996). Seventy specimens from 36 locations were 
sequenced for a fragment amplified from the 16S rRNA and Cytochrome b 
mitochondrial gene regions. Two individuals were sequenced when tissue 
availability permitted to test for mis-identifications and pseudogenes, however, only 
single individuals were used in the phylogenetic analyses when results from the two 
specimens did not differ.  
An approximately 560 base pair (bp) region of the 16S rRNA gene region 
was amplified by polymerase chain reaction (PCR) using primers 16Sar (Kocher et 
al. 1989) and 16Sbr (Palumbi et al. 1991). PCR amplifications were performed in 
50 L reaction volumes and consisted of 1 x PCR buffer, 0.4mM of each dNTP, 0.6 
M of each primer, 4mM MgCl2, 1 unit of Taq polymerase (Invitrogen) and 2 L of 
DNA extract. PCR thermal cycling was initiated with a first denaturation step at 94ºC 
for 3 min, followed by 30 cycles of denaturation at 95ºC for 30s, annealing at 50ºC 
for 30s, and extension at 72ºC for 40s. An additional extension at 72ºC for 5 min 
completed the amplification.  
Amplification of a partial sequence (approximately 421 bp) of Cyt b was 
conducted with the primers H15149 (Kocher et al. 1989) and L14724 (Meyer et al. 
1990). 
Fifty L PCR reactions contained 1 L template DNA, 1 unit Taq 
polymerase, 4mM MgCl2 5.75 L 10 X reaction buffer, 1mM dNTPs, 0.25 M 
primers. PCR amplifications consisted of 1 cycle of 94ºC for 1 min, 48ºC for 1 min 
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and 72ºC for 1 min, then 34 cycles of 94ºC for 1 min, 48ºC for 45 sec and 72ºC for 1 
min, the program ended with a final step at 72ºC for 10 min. 
All products were purified using a QIAGEN QIAquick PCR purification kit, 
with final elution volumes of 30 L per sample. A 2 L sample of each purified 
product was electrophoresed in 1% agarose/TAE gel and stained with ethidium 
bromide for visualization under UV light. DNA concentrations were approximated 
against a DNA/Hae III marker (Promega). 
ABI BigDye terminator cycle sequencing protocol was used to prepare 
samples for sequencing. Samples were dried and sent to the Institute of Medical and 
Veterinary Science (IMVS) in Adelaide for direct sequencing using an ABI 3700 
automated sequencer. In order to verify sequence accuracy and resolve any 
ambiguous bases, both heavy and light strands were sequenced for all individuals. 
The fragment of 16S was aligned with respect to its secondary structure (Moyer et al. 
2004), the Cyt b sequence was translated to protein sequence using the vertebrate 
mitochondrial code and the amino acid translation of the Cyt b sequences was 
examined for stop codons. 
Sequence chromatograms were viewed and edited manually using the ABI 
Sequence Navigator Software (version 1.0.1). Sequences were aligned by eye, and 
then imported into PAUP* 4.0 ab10 (Swofford 2000) software package for 
phylogenetic analyses.  
All haplotypes found were used for phylogenetic analysis. Three different 
methods of phylogenetic tree estimation were implemented in PAUP* version 
4.0ab10 (Swofford 2000): maximum parsimony (MP) and maximum likelihood 
(ML) and Minimum Evolution (ME). 1) Skewness of tree length distributions (g1) 
calculated on the basis of 106 randomly sampled trees was used to assess whether 
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there was significant phylogenetic signal (Hillis and Huelsenbeck 1992) for Cyt b 
and 16S.  
Congruence of the Cyt b and 16S data was evaluated with the homogeneity 
test using 100 replicates as implemented in PAUP*. The software ModelTest ver. 
3.06; (Posada and Crandall 1998) was used to determine the best-fit model of DNA 
evolution, which was subsequently used for the ME and ML analysis. ML and MP 
analysis were done using heuristic searches and gaps were treated as a “fifth base” in 
MP. Evaluation of statistical confidence in nodes was based on 1000 non-parametric 
bootstrap replicates in ME and MP, and 100 non-parametric bootstrap replicates in 
ML analysis (Felsenstein 1985). Alternative phylogenetic topologies were tested 
using the Shimodaira-Hasegawa test (Goldman and Rodrigo 2000; Shimodaira and 
Hasegawa 1999). Trees were out-group rooted using Potamalosa richmondia. 
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3.3 RESULTS 
3.3.1 Allozyme Data 
 
The 31 enzyme systems used yielded 42 presumptive allozyme loci. In a few 
individuals, the age of the tissue samples resulted in insufficient activity for scoring 
of the Gpd2 locus. Four loci (Ak, Ald1, Ca and Got1) were monomorphic in all 
samples, including the out-group P. richmondia. From the remaining 38 loci, 16 
were only diagnostic for N. erebi or P. richmondia (Acyc, Ck, Enol, Gap2, Glo1, 
Got2, Gsr, Idh1, Ldh1, Ldh2, Mdh1, Me2, Mpi, Pk1, Pk2 and Tpi). Therefore, a total 
of 22 loci were found to be polymorphic in at least one population of N. erebi. 
Allelic frequencies at these 22 loci are presented in Table 3.3. 
Three populations of N. erebi sampled in the Fortescue (Site 1), Sherlock (site 2) and 
De Grey (Site 3) Rivers of the Pilbara region of Western Australia were diagnosable 
from all other populations sampled by fixed or near-fixed differences at four loci 
(Ald2, Gap1, Got3and Pgm1). For Pgam6, a unique allele was also found at Site 2 
and 3 being completely fixed at site 3.  
The Mann River population displayed fixed differences at Ada and in 
addition to this displayed discrete alleles at a further 3 loci. Several of the Western 
Australian populations displayed discrete alleles at multiple loci indicating some 
support for geographic patterning between the sites in Western Australia and the rest 
of Australia. There were no fixed differences in or among other populations. 
Divergence between populations of N. erebi ranged from D=0.000 within LEB sites 
to D=0.1643 between the Pilbara Site 3 and Site 8. The outgroup P. richmondia 
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differed from all populations by an average Nei’s D of 1.2470, with ‘fixed’ allelic 
differences at 24 of the total number of loci screened. 
Both Rogers’ and Nei’s distance matrices produced very similar outcomes, 
therefore, only the UPGMA dendrogram based on Nei (1978) is presented in Figure 
3.2. 
The dendrogram reveals a discernible Pilbara region group, but no other dichotomies 
within N. erebi populations. There are some broad indications of a relationship 
between biogeographical regions. For example, samples from the Lake Eyre Basin 
(LEB) are spread widely throughout the dendrogram, yet consistently cluster 
together, further to this, sites 35 and 36 from the lower Murray River (MDB) region 
are clustered together as a sister clade to two LEB, Finke River sites (20 & 17). Two 
other MDB populations (26 & 27) also cluster with LEB populations (18 & 15).  
Multidimensional scaling analysis (Figure 3.3), revealed a distinct cluster of 
Pilbara region populations. This discrete cluster confirms population sub structuring 
within the Pilbara region drainages and supports the presence of a cryptic species in 
this region, particularly given that it is also recovered as a separate clade in the 
dendrogram, (Figure 3.2).  
No other discrete clusters exist for the remaining populations examined, 
indicating a limited concordance between genetic and geographical distance between 
populations of N erebi sampled in drainages across the rest of Australia. Much like 
the dendrogram, there is a general pattern of LEB and MDB populations in wide 
clusters. Similarly to results for L. unicolor discussed in Chapter 2, there is a broad 
geographic trend in which the western populations display negative scores on axis 
one and the more easterly population display positive scores.  
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The significant number of fixed allelic differences observed indicate that 
substantial genetic divergence has occurred between the PILB populations of N. 
erebi and the rest of Australia. The presence of fixed allelic differences and of 
population specific alleles, which elevates the genetic-distance values and depresses 
the gene flow estimates; suggests that speciation has occurred in this region The 
uniqueness of this region is discussed further in Chapter 5.  
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Table 3.3 Allele frequencies (expressed as %) at 22 variable loci for the 29 
populations of Nematalosa erebi analysed. Missing data are indicated by ***.  
Locus Allele 1 2 3 4 6 7 8 9 10 11 13 14 15 16 17 18 19 20 
Acon a           17    17    
 b 100   100 75 100 100 100 100 100 83 100 100 100 83 100 100 100 
 c     25              
 d  *** ***                
 N 3 0 0 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Acp a     50              
 b 100 100 *** 100 50 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c                   
 N 3 1 0 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Ada a                   
 b 100 100 100 100  100 100 50 75 100 67 100 100 100 100 100 100 100 
 c           33        
 d     100   50 25          
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Ald2 a 100 100 100       25         
 b    100 100 100 100 100 100 75 100 100 100 100 100 100 100 100 
 c                   
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Fum a 33   17               
 b 67 100 100 83 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Gap1 a 100 100 100  75              
 b                   
 c    100 25 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Got3 a                50   
 b    100 100 100 100 100 100 100 100 100 100 100 100 50 100 100 
 c 67 25                 
 d 33 75 100                
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Gpd1 a            17   33 50   
 b 100 100 100 100 100 100 100 100 100 100 100 83 100 100 67 50 100 100 
 c                   
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Gpd2 a 100   100 100  100 100 100  83 100 100 100 25 100 100 75 
 b                   
 c  *** ***   100    *** 17    75   25 
 N 2 0 0 3 2 1 2 1 2 0 3 2 2 1 2 1 1 2 
Gpi a     25              
 b                   
 c 100 100 100 100 75 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Idh2 a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 b                   
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Mdh2 a                   
 b 100 100 100 100 100 75 100 100 100 100 100 33 100 75 50 100 50 67 
 c      25      67  25 50  50 33 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Me1 a       25            
 b 100 100 100 100 100 100 75 100 100 100 100 100 100 100 100 100 100 100 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
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Table 3.3 Continued 
Locus Allele 1 2 3 4 6 7 8 9 10 11 13 14 15 16 17 18 19 20 
PpA1 a         25   17       
 b 100 100 100 100 100 100 100 100 50 100 100 83 100 100 100 100 100 100 
 c         25          
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
PpA2 a                   
 b 100 100 100 100 100 100 25 75 50 100 100 100 100 100 100 100 100 100 
 c       75 25 50          
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
PepB a    16               
 b                   
 c    16               
 d 100 100 100 68 100 50 100 100 100 100 83 100 100 100 83 100 100 75 
 e      50     17    17   25 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
PepD a                   
 b    33               
 c 100 100 100 67 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Pgam6 a  25 100                
 b 100 75  100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Pgd a       25   25 17        
 b 100 100 100 100 100 100 75 100 100 75 83 100 100 100 100 100 100 100 
 c                   
 N 3 2 1 2 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Pgk a    17               
 b 100 100 100 83 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Pgm1 a 17 100 100                
 b 83   100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c                   
 N 3 2 1 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
Srdh a 75   100 100 75 100 100 75 100 100 83 100 100 100 100 100 100 
 b 25 *** ***   25   25   17       
 N 2 0 0 3 2 2 2 2 2 2 3 3 2 2 3 1 1 2 
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Table 3.3 Continued 
 
 Locus Allele 22 24 25 26 27 29 31 32 34 35 36 Acon a      17    50 50 
 b 100 100 100 100 100 83 100 100  50 50 
 c            
 d         100   
 N 2 3 1 2 3 3 1 2 1 1 1 
Acp a            
 b 100 100 100 100 100 100 100 100  100 100 
 c         100   
 N 2 3 1 2 3 3 1 2 1 1 1 
Ada a         100   
 b 100 100 100 100 100 100 100 100  100 100 
 c            
 d            
 N 2 3 1 2 3 3 1 2 1 1 1 
Ald2 a        50    
 b 100 100 100 100 100 100 100 50  100 100 
 c         100   
 N 2 3 1 2 3 3 1 2 1 1 1 
Fum a            
 b 100 100 100 100 100 100 100 100 100 100 100 
 N 2 3 1 2 3 3 1 2 1 1 1 
Gap1 a            
 b         100   
 c 100 100 100 100 100 100 100 100  100 100 
 N 2 3 1 2 3 3 1 2 1 1 1 
Got3 a            
 b 100 100 100 100 100 100 100 100  100 100 
 c            
 d         100   
 N 2 3 1 2 3 3 1 2 1 1 1 
Gpd1 a  25   33   100    
 b 100 75 100 100 67 100 100   100 100 
 c         100   
 N 2 2 1 2 3 3 1 2 1 1 1 
Gpd2 a 100 100 100  100 100 100   100  
 b         100   
 c        ***   *** 
 N 2 3 1 0 1 1 1 0 1 1 0 
Gpi a            
 b         50   
 c 100 100 100 100 100 100 100 100 50 100 100 
 N 2 3 1 2 3 3 1 2 1 1 1 
Idh2 a 100 100 100 100 100 100 100 100  100 100 
 b         100   
 N 2 3 1 2 3 3 1 2 1 1 1 
Mdh2 a         100   
 b 75 100 50 100 100 100 100 75  50  
 c 25  50     25  50 100 
 N 2 3 1 2 3 3 1 2 1 1 1 
Me1 a            
 b 100 100 100 100 100 100 100 100 100 100 100 
 N 2 3 1 2 3 3 1 2 1 1 1 
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Table 3.3 Continued 
 
Locus Allele 22 24 25 26 27 29 31 32 34 35 36 
PpA1 a            
 b 100 100 100 100 100 100 100 100 100 100 100 
 c            
 N 2 3 1 2 2 3 1 2 1 1 1 
PpA2 a         100   
 b 100 100 100 100 100 100 100 100  100 100 
 c            
 N 2 3 1 2 3 3 1 2 1 1 1 
PepB a            
 b         100   
 c            
 d 100 100 100 100 100 100 100 100  100 100 
 e            
 N 2 3 1 2 3 3 1 2 1 1 1 
PepD a        25    
 b            
 c 100 100 100 100 100 100 100 75 100 100 100 
 N 2 3 1 2 3 3 1 2 1 1 1 
Pgam6 a            
 b 100 100 100 100 100 100 100 100 100 100 100 
 N 2 3 1 2 3 3 1 2 1 1 1 
Pgd a            
 b 100 100 100 100 100 100 100 100  100 100 
 c         100   
 N 2 3 1 2 3 3 1 2 1 1 1 
Pgk a         100   
 b 100 100 100 100 100 100 100 100  100 100 
 N 2 3 1 2 3 3 1 2 1 1 1 
Pgm1 a            
 b 100 100 100 100 100 100 100 100  100 100 
 c         100   
 N 2 3 1 2 3 3 1 2 1 1 1 
Srdh a 100 50 100 100 100 100 100 100 100  
 b  50       ***  *** 
 N 2 3 1 2 3 2 1 2 0 1 0 
 
76 
Potomolosa
richmondia
6
3
2
1
7
32
8
10
20
17
4
35
36
22
16
25
26
15
31
29
11
24
9
14
19
13
27
18
PILB
LEB
BULL
MDB
LEB
FITZ
BURD
LEB
VOR
SGC
LEB
WGC
MDB
SGC
MDB
MDB
LEB
SGC
ARNH
FITZ
ARNH
 
Figure 3.2 UPGMA dendrogram showing the relationships between 
populations of Nematalosa erebi based on the unbiased genetic distances of Nei 
(1978). Biogeographic regions outlined by Unmack (2001) are shown next to site 
codes. 
77 
 
 
 
 
 
Figure 3.3 Multidimensional scaling (MDS) ordination of Nematalosa erebi 
populations based on Rogers’ (1972) genetic distance calculated from allozyme 
data. Numbers indicate sample site locations and the legend lists Unmack’s 
(2001) biogeographic regions. 
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3.3.2 Mitochondrial Data 
 
Sequences from the 16S rRNA gene were approximately 560 bp in length. A 
total of 10 haplotypes were identified from 70 specimens of N. erebi from 36 sites 
across Australia. The haplotypes contained 63 variable sites with no insertions or 
deletions and differed by 0.7 to 8.7% nucleotide divergence.  
Cytochrome b sequences of approximately 421 bp, representing the first 140 amino 
acids of the Cytochrome b protein were obtained from 40 N. erebi, with 17 
haplotypes identified (Figure 3.4). Phylogenetic analysis revealed 72 
phylogenetically informative; variable characters.  
Both light and heavy strands of Cytochrome b and 16S rRNA N. erebi 
sequences amplified from purified mitochondrial DNA and total cellular DNA were 
identical providing no evidence of the presence of nuclear pseudogenes in N. erebi. 
The proportion of phylogenetically informative sites was 10% at the first 
codon position, and 90% at the third codon position. The codon positions showed 
large differences in base composition. No bias was observed at the first codon 
position, but second (G=14%) and third positions (G=11%) exhibited an anti-guanine 
bias as described for other taxa (Kocher et al. 1989; Meyer and Wilson 1990). The 
partition homogeneity test did not reject phylogenetic congruence between the 
mitochondrial genes (p=0.53), which justifies the combination of these genes for 
phylogenetic analysis (but see (Dolphin et al. 2000)). There was a slight tendency of 
saturation for cytochrome b gene in the third codon position but when this was 
excluded from analyses, the tree topology remained generally unchanged, the only 
difference being a lower resolution for some nodes. The model of DNA nucleotide 
substitution found for the combined data set was HKY + I (Hasegawa et al. 1985) 
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which accommodates differing transition/transversion mutation rates, uneven base 
frequencies and gamma shape distribution. Parameters, used in analyses, estimated 
using successive approximations for this model for the combined data set were: 
nucleotide frequencies A=0.27, C = 0.29, G = 0.15 and T = 0.29; ti/tv =5.04 and 
gamma shape dist = 0.263. 
A total of 17 unique combined haplotypes were identified. The most 
common, hap A was present in populations from the Lake Eyre Basin (LEB) Fitzroy 
(FITZ) and the Southern Gulf of Carpentaria province (SGC) as defined by Unmack 
(2001). Unique haplotypes B, C and M were found only in LEB populations. Only 
one population sampled (Table 3.1, Site 1) in the Fortescue River had more than one 
haplotype present (Hap P & Q), they differed from each other by 1.5%. Average 
divergence between these haplotypes P & Q and other populations was 9.1% and 
10.6% respectively.  
Identical haplotypes were found in the Warrego River (Figure 3.1 & Figure 3.4, Site 
26) and the Macleay River (Figure 3.4, Site 33) more than 1000 kilometers apart. 
The phylogenetic trees generated by MP, ML and ME from the combined 
data set generated almost identical topologies with strong bootstrap support for major 
clades (Figure 3.4). The MP tree depicted in Figure 3.4 shows the relationship 
between N. erebi haplotypes and the outgroup Potamalosa richmondia. In agreement 
with the allozyme data, the PILB populations (Figure 3.1, Site 1, 2 & 3) are 
genetically distinct and form a strongly supported, robust monophyletic group, 
distinct from the rest of the Australian populations sampled. The other two clades 
support the presence of some geographic structure, in that generally the Lake Eyre 
Basin populations are more closely related to north eastern and Bulloo drainages than 
to the Murray Darling populations. 
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Figure 3.4 Maximum Parsimony bootstrap tree for Nematalosa erebi 
haplotypes identified from combined data set of 16S and Cyt b sequences. The 
numbers on branches represent bootstrap values, above the line is maximum 
parsimony and maximum likelihood, respectively, and below the line is 
minimum evolution. Unmack’s (2001) biogeographic regions are shown in bold. 
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3.4 DISCUSSION 
 
Based on comprehensive allozyme, 16S and Cyt b mitochondrial DNA data 
obtained in this study it is reasonable to reject the null hypothesis that Nematalosa 
erebi is a single widespread species. There is strong evidence indicating the presence 
of a divergent lineage N. erebi’ in the three Pilbara region drainages sampled. Both 
the presence of fixed or unique alleles and unique haplotypes indicate that this 
lineage may represent an incident of speciation.  
In the absence of clear morphological evidence, and further sampling both 
terms ‘cryptic’ and ‘species’ are used lightly, more specimens need to be analysed 
and further morphological examination of voucher specimens is required in order to 
determine whether or not this is a new species and if so if it is in fact phenotypically 
conserved. In addition to this, further research needs to be conducted on the 
reproductive biology of the Pilbara form and those from other rivers.  
Geographically the rivers of the Pilbara region are the most isolated, both in 
terms of distance and connectivity potential even for well adapted arid zone species 
that appear to have high dispersal capabilities. Despite this, as shown in Chapter 2, 
Leiopotherapon unicolor populations show little genetic structure, even between the 
most isolated populations. The most likely explanation is a difference in life history 
strategies or some form of special adaptation that significantly enhances the dispersal 
potential of L. unicolor. Interestingly, the unique Pilbara populations of ‘N erebi’ 
cluster more closely with North Western populations in all data sets (Figure 3.2, 
Figure 3.3, Figure 3.4). This may be evidence that the original population of N. erebi 
in Australia radiated from the Arnhem region of Northern Australia to both the 
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eastern and western drainages which have since been sufficiently isolated to allow 
the development of a genetically distinct form in the Pilbara. 
In addition to the identification of the presence of a possible cryptic taxon, 
this study has revealed a degree of river basin related phylogeographic structuring 
within N. erebi using allozyme electrophoresis, 16S rRNA and Cyt b mtDNA gene 
sequences. Historical relationships among catchments inferred from the phylogenetic 
analyses are largely consistent with previous biogeographic hypotheses. Some new 
relationships however, are suggested.  
From the phylogenetic tree in Figure 3.4, it is apparent that N. erebi 
populations from Australia’s two major inland drainages, the Murray-Darling Basin 
(MDB) and Lake Eyre Basin (LEB) are genetically distinct. This is despite being 
geographically adjacent, with little significant topographical relief between the 
basins.  
In this study, the Murray Darling, Lake Eyre divergence is not as clearly 
resolved by the allozyme analyses. While the allozyme data supports the mtDNA 
data in identifying populations from the northern parts of the MDB as genetically 
distinct from the populations in the northern parts of the LEB, it places the Finke 
River and Peake Creek populations (LEB) as a sister clade to the southern MDB 
populations. Further sampling of populations of N. erebi across the entire region 
would help to resolve this anomaly, particularly as other studies examining the MDB 
and LEB basin relationship are based on species found or sampled in the northern 
reaches only.  
Hughes and Hillyer (2006) in their mitochondrial and allozyme based study 
of N. erebi and Retropinna semoni found that populations of both species from the 
Murray-Darling and Lake Eyre drainages were highly differentiated, indicating no 
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contemporary dispersal across the drainage boundaries, they estimated that the N. 
erebi populations from the two drainages separated c. 150 000 years ago. Again, this 
study is limited to the far northern drainages of the Murray Darling Basin. Few 
studies have examined the relationships between these drainages and those that, have 
yielded contrasting patterns. Cook et al. (2002) and Musyl and Keenan (1992) found 
significant allozyme divergence between LEB and MDB populations of golden perch 
Macquaria ambigua. Conversely, Austin et al. (2003) found the upper Darling River 
to be closely associated with LEB based on an analysis of 16S sequences from the 
freshwater crayfish Cherax destructor. The historical geological relationships 
between MDB and LEB are obscure , with a number of suggestions put forward to 
explain relationships between these drainages. Musyl and Keenan (1992) suggested 
that both systems connected via a common southern outlet, whereas Cook et al. 
(2002) suggested that the low topographic relief between the drainages, particularly 
in the northern region, would have facilitated hydrological connections between them 
during major flooding events. 
Nematalosa erebi from the Bulloo River, which is geographically 
intermediate between northern MDB and eastern LEB (see Figure 1.3) share a closer 
affinity with those from the LEB, with the N. erebi haplotype from this river being 
embedded within the LEB clade (see Figure 3.2). This suggests, in agreement with 
Cook et al.(2002), that N. erebi has colonised the Bulloo in the relatively recent past 
from the LEB.  
Unmack (2001) suggests that the Bulloo was linked to LEB via Lake Frome 
in the southeast of the Lake Eyre Basin, although not for at least one million years. 
Large floods may have facilitated movement of N. erebi between LEB and Bulloo 
across areas of low topographic relief. This seems too long ago to be supported by 
84 
the low divergence levels obtained between populations examined in this study. 
Musyl and Keenan (1992) suggested that fauna in the Bulloo may be intermediate 
between MDB and LEB, this does not appear to be the case, however, with N. erebi. 
Molecular data from this lab for the freshwater prawn species Macrobrachium 
australiense (Murphy and Austin 2004b) are consistent with the findings for N. 
erebi, where populations of M. australiense from the MDB and LEB are not closely 
associated. 
Populations from eastern inland and the eastern coastal drainages across the 
Great Dividing Range (GDR) exhibit a closer affiliation to MDB populations than 
with northern or inland populations. The presence of haplotype G in populations east 
and west of the GDR implies dispersal or gene flow across this ancient geographic 
barrier. This is not a new scenario for fish (McGlashan and Hughes 2001a; Unmack 
2001) or other aquatic organisms (Murphy and Austin 2004b).  
Whilst transfer of aquatic species across the Great Dividing Range appears to 
have occurred in a number of different locations, the mechanisms responsible are 
unresolved. There is some evidence that large-scale events such as river capture 
(Burridge et al. 2006) or drainage rearrangements across the Great Dividing Range 
were commonplace (Hurwood and Hughes 1998; Musyl and Keenan 1992) although 
this appears to be less likely than first thought. Further examination at a deeper 
population level is needed to better understand the level of gene flow and the 
possible mechanisms or migration points for populations of N. erebi spanning the 
GDR. 
The separation of the Finke N. erebi populations as distinct from other LEB 
basin populations (Figure 3.2 and Figure 3.4) is consistent with historical evidence 
that the Finke River, currently blocked by a series of sand dunes in the Simpson 
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Desert, has not provided gene flow to Lake Eyre, although during past wetter periods 
Lake Eyre north would have received drainage from the Simpson Desert and the 
Finke River Catchments (Kotwicki 1986; Kotwicki and Isdale 1991). Supporting the 
biogeographical distinctiveness of the Finke are the descriptions of new fish species 
in the Finke (Briggs 2001; Musyl and Keenan 1992). Each of these species was 
previously thought to be part of single widespread species, distributed throughout the 
LEB. The explanation may simply be that small pools in the Finke River provide 
refuge areas in dry times and when inundation occurs, fish recolonise the Finke 
River, however have limited opportunity for wider dispersal. 
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CHAPTER 4. 
MOLECULAR SYSTEMATICS AND PHYLOGENETICS OF THE 
AUSTRALIAN FRESHWATER FISH NEOSILURUS HYRTLII 
(STEINDACHNER, 1867) 
4.1 INTRODUCTION 
 
Neosilurus hyrtlii, commonly known as Hyrtl's catfish is the third most 
widespread fish in Australia and is usually abundant in central Australia (Unmack 
1995) where it grows to a total length of 350mm. Similar in distribution to 
Nematalosa erebi and Leiopotherapon unicolor, it occurs in the coastal drainages of 
the Pilbara and Kimberley regions (WA), across tropical northern Australia to 
eastern Queensland. It is abundant throughout central Australia and occurs in the 
upper reaches of the Darling River. Neosilurus hyrtlii occupy a wide range of 
habitats from clear fast flowing streams to slow, turbid and at times stagnant pools 
(Mallen-Coope 2001). 
Neosilurus hyrtlii is one of thirteen known representatives of the Plotosidae 
(Eel-tailed catfish) family in Australia. Eel-tailed catfish are widely distributed in the 
tropical Indo-west Pacific region and are generally marine or estuarine although, it is 
believed that Australian representatives of the family evolved in the freshwaters of 
Australia and New Guinea (Allen and Feinberg 1998). There has been little research 
on the dispersal and reproductive capabilities of N. hyrtlii (Pusey et al. 2004), 
however, in one study spawning was observed during floods and fecundity ranges 
from 1600 to 15300 eggs (Orr and Milward 1984). This flood stimulated spawning 
would indicate a potential for high dispersal among populations, and an increased 
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chance of opportunistic dispersal during times of peak flow and higher connectivity 
flood events. 
There have been no comprehensive taxonomic reviews of the family in recent 
years despite evidence of incorrect or ambiguous taxonomy. Glover (1990) proposed 
the recognition of two species, N. hyrtlii and N. glencoensis. However, proceeding 
studies have found little evidence to support this hypothesis and all studies since 
have followed Allen (1989) in only recognizing N. hyrtlii. Further to this, there has 
been suggestion that some individuals found in the Diamantina River may represent 
a closely related but undescribed species that differs from Hyrtl’s catfish in colour, 
barbel length and position, head profile and fin ray counts (Wager and Unmack 
2000). Evidence that the taxonomy is highly contentious is demonstrated by the 
reluctance of researchers studying the Neosilurid Catfish in the Paroo River to assign 
a species label (Brown 1992). Musyl (1990) and Musyl and Keenan (1996) 
investigated the genetic variability among catfish populations from major river 
drainages east and west of the Great Dividing Range, leading to the description of 
two previously undescribed species; one from the Nymboida River and another 
found in the neighbouring Bellinger River. Extending on this work, (Jerry and 
Woodland (1997) found further evidence to support the presence of the ‘Bellinger’ 
catfish in four New South Wales coastal rivers. 
Since then, a morphological review of some representatives described a new 
genus (Neosiluroides) and four new species (Neosiluroides cooperensis, Neosilurus 
gloveri, Neosilurus psedospinosus and Neosilurus mollespiculum) (Allen and 
Feinberg 1998). This review was in no way exhaustive and it is still widely believed 
that a complete review of the Plotosidae family, with representatives spread widely 
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throughout all of mainland Australia’s drainage basins based on morphological and 
genetic analysis would identify more species in this family.  
Several freshwater fish researchers have indicated an intention to review the 
Plotosidae family using molecular genetic techniques (Unmack, 2007, Pers Comm.).  
It is not within the scope of this study to review the entire family, in fact, any future 
review of the family would be greatly enhanced by a better understanding of the 
relationships between populations of plotosid catfish at a species level. Aside from 
taxonomic interest there is some aquarium trade of this species, which again would 
necessitate a better understanding of the taxonomy of this group. 
The aim of this study was firstly to confirm the taxonomic position of 
Neosilurus hyrtlii found in Australian freshwater drainages. Allozyme 
electrophoresis and mtDNA methods were used to test the null hypothesis that N. 
hyrtlii is a single widespread species. While it is widely recognized that both 
techniques have limitations for diagnosing species when used individually (Avise 
2000), in combination they can demonstrate that populations are both historically 
independent lineages (mtDNA) and internally cohesive (allozymes), thus satisfying a 
number of the major criteria for species designation (Sites and Marshall 2003). 
Neosilurus hyrtlii, as one of Australia’s most widespread freshwater fish, 
distributed throughout half of the continent, (Figure 4.1), offers an opportunity to use 
allozyme electrophoresis and mitochondrial DNA (mtDNA) genealogies to 
investigate historical connections between major drainage basins and examine 
previously established hypotheses of biogeographic associations among these basins. 
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4.2 MATERIALS AND METHODS 
 
4.2.1 Sample Collection 
 
In order to investigate the taxonomic significance of genetic variation within 
N. hyrtlii in Australia three steps were employed: 1) a small number of specimens 
from a large number of localities across a broad geographic range were screened for 
a large number of allozyme loci; 2) the more conservative of two mtDNA regions 
was sequenced for a small number of individuals per site; and 3) a larger number of 
representatives from each site were investigated by sequencing the more rapidly 
evolving mtDNA region. 
As the main objective of this study was to describe the broad 
phylogeographic structure of N. hyrtlii among rather than within drainage basins, the 
number of basins sampled was maximized at the expense of within basin sampling. 
Therefore, only representative samples from the major biogeographic regions or 
drainage basins were taken; nevertheless, sampling within several major drainages 
(Lake Eyre Basin, Murray-Darling Basin and Pilbara Catchment) was undertaken 
such that some degree of within basin structure can be examined. By first sampling 
river systems widely, any regions of significant interest should be identified for 
subsequent more detailed examination. 
Ninety Five representatives of Neosilurus hyrtlii were collected from 30 
locations representing, lakes, rivers, pools, dams and thermal springs across the 
species range in Australia (Table 4.1). Samples were obtained mainly from the 
existing frozen collection of the South Australian Museum (SAM) and through field 
collection. In the field, fish were caught by hook and line, baited traps, cast nets or 
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seine nets. These samples were snap frozen in liquid nitrogen and subsequently 
stored in the laboratory at –80ºC. In addition, two individuals of Porochilus 
argenteus from the Diamantina River were acquired for use as an outgroup. 
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Figure 4.1  Collection localities for Neosilurus hyrtlii samples used in this 
study (See Table 4.1 for exact site localities). 
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Table 4.1 Sample codes, sites, localities and methods of analysis for 
Neosilurus hyrtlii sampled in Australia. Haplotype codes observed at each site 
are provided Unmack’s (2001) biogeographic regions are listed. 
Site 
No. Location Name 
Unmack 
Region 
Allozyme 
Data (n) 
16s 
(n) 
Cyt b 
(n) 
Hap Longitude 
DDMM 
Latitude 
DDMM 
1 Fortescue River PILB 4 1 2 A -21 00 116 06 
2 Sherlock River PILB 2 1 1 A -20 42 117 33 
3 De Grey River PILB 3 1 1 A -20 11 119 11 
4 March Fly Glen WKIM 2 1 2 B -17 09 125 18 
5 Spillway Creek VOR 2 1 2 B -16 01 128 46 
6 Bamboo Creek DALY 2 1 2 C -13 40 130 39 
7 Adelaide River ARNH 2 1 2 C -12 13 131 13 
8 Mary River ARNH 2 1 1 C -12 26 131 43 
9 Elizabeth River ARNH 2 1 1 C -12 30 130 55 
10 King River DALY 3 1 1 D -14 41 131 58 
11 Longreach Waterhole WGC 2 1 2 E -17 37 133 20 
12 Pine Creek WGC 2 1 1 F -15 31 136 15 
13 Whistleduck Creek BARK 3 1 2 G -20 32 134 59 
14 Finke River LEB 2 1 1 H -25 59 135 20 
15 Dalhousie Spring LEB 2 1 2 I -26 27 135 28 
16 Warburton River LEB 2 1 1 J -27 54 137 11 
17 Diamantina River LEB 1 1 1 J -25 60 139 21 
18 Burke River LEB 2 1 1 G -23 12 139 34 
19 Georgina River LEB 2 1 1 K -22 55 141 52 
20 Coopers Creek LEB 2 1 1 L -28 23 137 41 
21 Paroo River MDB 2 1 2 M -30 27 143 58 
22 Warrego River MDB 2 1 1 N -29 59 145 23 
23 Longlo River MDB 2 1 1 N -26 26 146 14 
24 Coen River SGC 3 1 2 O -13 37 142 09 
25 Hunters River BURD 3 1 2 P -18 07 145 08 
26 Return Creek 1 BURD 3 1 1 P -19 12 146 08 
27 Dawson River FITZ 2 1 2 Q -23 38 149 46 
28 Return Creek 2 FITZ 2 1 1 Q -26 26 146 14 
29 Gregory River SEQ 2 1 2 R -25 11 152 34 
30 Lagoon Creek MDB 2 1 1 S -27 20 151 29 
OG Porochilus argenteus Diamantina River LEB 2 2 2  -25 60 139 21 
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4.2.2 Allozyme Electrophoresis 
 
A total of 67 individuals from 30 locations (Table 4.1), plus 2 samples of the 
outgroup Porochilus argenteus were screened for allozyme variation at 39 putative 
loci (Table 4.2). 
For allozyme analysis, homogenates comprised of a small sample of caudal 
muscle sonicated in an equal volume of lysing solution (0.02MTris-HCl, pH 8.0, 
0.2% 2-mercapatol ethanol and 0.02% β Nicotinamide adenine dinucleotide 
phosphate (NADP). Homogenates were centrifuged at 10,000g for ten minutes then 
stored at -20oC as separate 10-20 μl aliquots in glass capillary tubes. Homogenates 
were assayed for allozyme variation on cellulose acetate gels (Cellogel®, MALTA, 
Milan), according to the protocols of (Richardson et al. 1986). Enzymes are referred 
to by their Enzyme Commission (E.C.) Number. Table 4.2 summarises the enzymes 
screened, number of loci resolved and running conditions. All enzymes that produced 
zymograms of sufficient resolution and intensity to permit genetic interpretation 
were scored following staining, and the gels themselves scanned several times over 
the time course of staining to provide permanent digital records (as 200dpi JPEG 
images). Allozymes were designated alphabetically and multiple loci, where present 
were labelled numerically, both in order of decreasing electrophoretic mobility.  
For the allozyme data analysis, populations were defined as a group of 
individuals sampled from a particular site. 
To investigate reproductive isolation between populations, percentage fixed 
differences (%FD) were calculated. Nei’s unbiased distance (D) and Rogers (R) 
(Rogers 1972) distance matrices were produced by pairwise comparisons of all 
sampled populations, and dendrograms were then constructed using the unweighted 
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pair group method (UPGMA) using the software package Tools For Population 
Genetic Analysis (TFPGA), (Miller 1997).  
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Table 4.2 Enzymes screened, code numbers, number of loci resolved and 
running conditions for Neosilurus hyrtlii. Coding for buffers follows that used 
by Richardson et al. (1986). Run times are in minutes (all gels were run at 5-
10oC). Stains follow the default method (i.e. Method A) of Richardson et al. 
(1986), except for the enzymes ACYC and NDPK, which were adapted from 
Manchenko, (1994). 
Protein Abbre-
viation 
E.C. 
Number 
Number 
of Loci 
Run 
time 
(Mins) 
Buff
er 
aconitase hydratase ACON 4.2.1.3 2 150 A 
acid phosphatase ACP 3.1.3.2 1 140 D 
aminoacylase ACYC 3.5.1.14 1 140 C 
adenosine deaminase ADA 3.5.4.4 1 150 B 
alcohol dehydrogenase ADH 1.1.1.1 1 120 C 
adenylate kinase AK 2.7.4.3 1 150 B 
fructose-bisphosphate aldolase ALD 4.1.2.13 2 120 B 
carbonate dehydratase CA 4.2.1.1 1 150 I 
creatine kinase CK 2.7.3.2 1 150 B 
enolase ENOL 4.2.1.11 1 150 A 
fructose-bisphosphatase FDP 3.1.3.11 1 140 B 
fumarate hydratase FUM 4.2.1.2 1 150 C 
lactoylglutathione lyase GLO 4.4.1.5 1 120 C 
aspartate aminotransferase GOT 2.6.1.1 1 140 B 
glycerol-3-phosphate 
dehydrogenase 
GPD 1.1.1.8 1 150 C 
glucose-6-phosphate isomerase GPI 5.3.1.9 2 140 C 
glutathione reductase GSR 1.6.4.2 1 135 B 
isocitrate dehydrogenase IDH 1.1.1.42 1 150 A 
L-lactate dehydrogenase LDH 1.1.1.27 1 150 A 
malate dehydrogenase MDH 1.1.1.37 2 150 C 
"malic" enzyme ME 1.1.1.40 1 150 I 
mannose-6-phosphate isomerase MPI 5.3.1.8 1 140 B 
nucleoside-diphosphate kinase NDPK 2.7.4.6 1 150 B 
dipeptidase PEPA 3.4.13 1 150 B 
tripeptide aminopeptidase PEPB 3.4.11 1 150 I 
proline dipeptidase PEPD 3.4.13 2 140 C 
phosphoglycerate mutase PGAM 5.4.2.1 1 135 C 
phosphogluconate dehydrogenase 6PGD 1.1.1.44 1 150 B 
phosphoglycerate kinase PGK 2.7.2.3 1 140 B 
phosphoglucomutase PGM 5.4.2.2 1 140 C 
pyruvate kinase PK 2.7.1.40 1 135 B 
superoxide dismutase SOD 1.15.1.1 1 150 C 
L-iditol dehydrogenase SORDH 1.1.1.14 1 150 C 
triose-phosphate isomerase TPI 5.3.1.1 1 150 B 
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4.2.3 DNA Extraction and Amplification 
 
Total genomic DNA (mtDNA) was extracted from frozen muscle tissue using 
the method of Crandall & Fitzpatrick (1996). Thirty two specimens from 30 locations 
were sequenced for a fragment amplified from the 16S rRNA mitochondrial gene 
region. An approximately 560 base pair (bp) region of the 16S rRNA gene region 
was amplified by polymerase chain reaction (PCR) using primers 16Sar (Kocher et 
al. 1989) and 16Sbr (Palumbi et al. 1991). PCR amplifications were performed in 
50 L reaction volumes and consisted of 1 x PCR buffer, 0.4mM of each dNTP, 0.6 
M of each primer 4mM MgCl2, 1 unit of Taq polymerase (Invitrogen) and 2 L of 
DNA extract. PCR thermal cycling was initiated with a first denaturation step at 94 
ºC for 3 min, followed by 30 cycles of denaturation at 95 ºC for 30s, annealing at 50 
ºC for 30s, and extension at 72 ºC for 40s. An additional extension at 72 ºC for 5min 
completed the amplification.  
The mitochondrial Cyt b gene was selected as a rapidly evolving gene, 
commonly used in phylogeographic studies (Robalo et al. 2006). Forty five 
specimens from 30 locations were sequenced for a fragment amplified from the Cyt b 
mtDNA region. Amplification of a partial sequence (approximately 421 bp) of Cyt b 
was conducted with the primers H15149 (Kocher et al. 1989) and L14724 (Meyer et 
al. 1990).Fifty L PCR reactions contained 1 L template DNA, 1 unit Platinum Taq 
polymerase, 4mM MgCl2 5.75 L 10 X reaction buffer, 1mM dNTPs, 0.25 M 
primers. PCR amplifications consisted of 1 cycle of 94ºC for 3 min, then 30 cycles of 
94ºC for 30 sec, 48ºC for 30 sec and 72ºC for 3 min, with a final 5 min extension at 
72ºC. 
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All products were purified using a QIAGEN QIAquick PCR purification kit, 
with final elution volumes of 30 L per sample. A 2 L sample of each purified 
product was electrophoresed in 1% agarose/TAE gel and stained with ethidium 
bromide for visualization under UV light. DNA concentrations were approximated 
against a DNA/Hae III marker (Promega). ABI BigDye terminator cycle sequencing 
protocol was used to prepare samples for sequencing. Samples were dried and sent to 
the Institute of Medical and Veterinary Science (IMVS) in Adelaide for direct 
sequencing using an ABI 3700 automated sequencer.  
In order to verify sequence accuracy and resolve any ambiguous bases, both strands 
were sequenced for all individuals. 
The fragment of 16S was aligned with respect to its secondary structure 
(Moyer et al. 2004), the Cyt b sequence was translated to protein sequence using the 
vertebrate mitochondrial code and the amino acid translation of the Cyt b sequences 
was examined for stop codons. 
Sequences were aligned by eye using BioEdit v7.0.0 (Hall 1999). Identical 
sequences were grouped together and a single sequence selected for phylogenetic 
analyses. The fragment of 16S was aligned with respect to its secondary structure 
(Moyer et al. 2004), the Cyt b sequence was translated to protein sequence using the 
vertebrate mitochondrial code and the amino acid translation of the Cyt b sequences 
was examined for stop codons. 
To determine whether the sequence alignment had a significant phylogenetic 
signal, the Skewness statistic (g1) was estimated from 1000 randomly generated tree 
length distributions (g1<0.01) (Hillis and Huelsenbeck 1992) using PAUP* version 
4.0b10 (Swofford 2000). Compositional bias was examined using the homogeneity 
chi-squared test of base composition in PAUP*. Nucleotide substitution saturation 
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was evaluated by comparing Transition/Transversion (TS/TV) ratios against 
uncorrected percentage sequence divergence for each pair of haplotypes using 
MEGA v3.1 (Kumar et al. 2004). The above procedures were carried out for each 
gene separately, for the combined data set, for stem and loop positions of the 16S 
rRNA gene and for each codon position of the Cyt b gene. 
MrModeltest v2.2 (Nylander 2004) was used to select an appropriate model 
of DNA substitution for the combined data set and each partition according to the 
Akaike Information Criteria (AIC) (Akaike 1974) which implements a hierarchical 
likelihood ration test to compare alternative models of DNA substitution but also 
imposes a penalty for over-parameterisation (Posada and Buckley 2004). 
Phylogenetic analyses of different genes or data partitions should increase 
phylogenetic accuracy, providing they share a common evolutionary history. 
Initially, each gene was analysed separately using both Maximum parsimony and 
Bayesian methods to assess the suitability of combining both mtDNA genes in the 
phylogenetic analyses. Measures of individual support for individual nodes were 
compared between the two genes and if a node was significantly supported by one 
gene but not the other, this was considered evidence of incongruence. High levels of 
support were defined as >70% bootstrap proportions and >0.95 Bayesian posterior 
probabilities. 
Bayesian mixed model analysis was also used to assess the suitability of 
combining separate data partitions in the phylogenetic analyses by allowing different 
models of DNA substitution to be applied to these partitions. Partitions used were 
stems and loops for 16S and codon position for Cyt b. Parameters, except branch 
lengths and topology were unlinked across partitions. Bayes factors were used to 
select the best partitioning strategy. 
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Three methods of tree building were used to reconstruct phylogenetic 
relationships including maximum parsimony (MP), maximum likelihood (ML), and 
Bayesian methods. 
MP analyses were run in PAUP* using heuristic search, tree bisection 
reconnection (TBR) branch swapping and fifty random stepwise addition replicates. 
Bootstrap proportions (BP) measured support for inferred trees, generated from 1000 
non-parametric bootstrap pseudoreplicates (Felsenstein 1985). 
ML analyses were run in PAUP* using a single model of DNA substitution 
identified by MrModeltest and the heuristic search option with TBR branch 
swapping and five random stepwise addition replicates. Bootstrap proportions 
measured support for inferred trees, generated from 1000 non-parametric bootstrap 
pseudoreplicates (Felsenstein 1985). 
Bayesian analyses were run in MrBayes for six partitioning strategies. All 
analyses were initiated with random starting trees, run across four simultaneous 
chains (three heated, one cold) and were run for 2 x 106 generations, sampling the 
Markov chains at intervals of 100 generations. Generation time was plotted against 
log likelihood scores to ensure that analyses had converged and if trees were 
obtained prior to this convergence they would have been discarded as burn-in. trees 
sampled after the burn-in were summarized using 50% majority-rule consensus trees 
to obtain mean estimates of branch lengths and to calculate posterior probabilities of 
clades (Huelsenbeck and Ronquist 2001). Bayesian posterior probabilities (Pp) 
indicated confidence in nodes where Pp ≥0.95 were considered to be significant.  
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4.3 RESULTS 
 
4.3.1 Allozyme Data 
 
The 34 enzyme systems used yielded 39 presumptive allozyme loci. Nine loci 
were monomorphic in all samples including the outgroup (Ak, Ald1, Fdp, Gsr, Ldh, 
Mdh1, Pepd2, Pgk, Pk) a further seven loci were diagnostic for the outgroup, 
Porochilus argenteus only (Acp, Adh, Ca, Ck, Ndpk, Pgam, Sod) 
In total, 23 loci were polymorphic in at least one population of N. hyrtlii 
Allelic frequencies (expressed as percentages) of these 23 loci are presented in Table 
4.3. The outgroup shows fixed allelic differences at a further 8 loci, therefore a total 
of 15 loci screened were diagnostic for Porochilus argenteus this information is 
useful as it identifies both loci and electrophoretic conditions that are suitable for use 
in the study of this species. 
Three populations of N. hyrtlii sampled in the Fortescue (Site 1), Sherlock 
(site 2) and De Grey (Site 3) Rivers of the Pilbara region of Western Australia were 
diagnosable by fixed or near-fixed differences at four loci (Ald2, Got, Pep A, & Me). 
Populations from Site 4 and 5 in northern Western Australia also had a unique allele 
at the Me locus. MDB basin Sites 21, 22 & 23 possess a unique allele at the Glo 
locus. Catchment specific alleles were identified across several sites and are 
examined further in the divergence revealed by the UPDGMA dendrogram (Figure 
4.2). 
The divergence between populations of N. hyrtlii ranged from D=0.010 within some 
catchments to D=0.210 between the Pilbara populations and some LEB sites.  
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The outgroup P. argenteus differed from all populations by an average D of 0.5610, 
with ‘fixed’ allelic differences at 15 of the total number of loci screened. 
Both Rogers’ and Nei’s distance matrices produced identical outcomes, therefore 
only the UPGMA dendrogram based on Nei (1978) is presented (Figure 4.2).  
Superficially, the dendrogram appears to show only minimal geographic 
concordance between sites, however, a thorough examination of the site localities 
with the more general Unmack (2001) regions removed, indicates a large degree of 
genetic structure highly consistent with geographic locality.  
All Western Australian populations cluster together and similar to the 
allozyme findings for N. erebi, the three Pilbara sites resolve to form their own clade 
within this cluster. A second distinct cluster also groups populations from northern 
central Australia (Arnhem Land) (Sites 7, 8 & 9) together, independently of other 
populations. 
The remaining populations are not as well delineated into the clear groups 
seen in the WA, NT clusters, nevertheless, at a site level, there is continuity between 
the geographic and genetic data. There are two large clusters representing sites from 
multiple regions, the first (Sites 19, 24, 25, 26, 27, 28, 22, 23, 21, 30) cluster 
encompasses populations that fall into five broader Unmack (2001) regions, 
however, at a site level are geographically close. Overall, this cluster can be broadly 
described as resolving the affinities between the north east coast, southern central 
Queensland and Murray Darling populations. This is consistent with findings in 
Chapter 3 where MDB populations to the east and west of the Great Dividing Range 
cluster more closely than MDB populations do with LEB populations. The only 
outlier is Site 19 (LEB), which clusters with Site 24 (SGC). Closer examination 
reveals that Site 19 represents a population sampled in the Georgina River. This is 
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hydrologically closer to the western Murray Darling region than the northern Lake 
Eyre Basin Rivers which are mainly separated by large desert areas. 
Similarly the second broad cluster (Sites 29, 14, 15 & 17) is composed of 
Lake Eyre Basin, the anomaly for which there is no valid explanation is the presence 
in this cluster of Site 29 which is located in the Gregory River of coastal Southern 
Queensland. 
A smaller cluster (Sites 11, 12, 13, & 18) groups the Bulloo River site with 
Whistleduck Creek (Barkley Tablelands) as a sister clade to two northern central 
Australian populations. Further small scale relationships whilst evident in the 
dendrogram, are not significant enough to comment on without comparison with the 
findings of the mitochondrial data analysis. 
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Figure 4.2 A UPGMA dendrogram showing the relationships between 
populations of Neosilurus hyrtlii based on the unbiased genetic distances of Nei 
(1978). Site numbers and biogeographic regions outlined by Unmack (2001) are 
shown. 
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Table 4.3 Allele frequencies (expressed as %) at 23 variable loci for the 30 
populations of Neosilurus hyrtlii analysed. 
Locus Allele 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Acon1 a        25 50          
 b 87 100 100 75 75 50 100 75 50 100 100 100 100 100 100 100 100 100 
 c 13   25 25 50             
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Acon2 a                   
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Acyc a 100 100 100 75 50  50 50 50 75   100   50 75 100 
 b    25 50 100 50 50 50 25 100 100 1 100 100 50 25  
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Ada a          100         
 b 100 100 100 50 100 100 100 100 100  75 75 67 100 100 100 100 50 
 c           25 25 33     50 
 d    50               
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Ald2 a 100 100 100       16         
 b    100 100 100 100 100 100 84 100 100 100 100 100 100 100 100 
 c                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Enol a    100  100             
 b 100 100 100  100  100 100 100 100 100 100 100 100 100 100 100 100 
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Fum a 75                  
 b 25 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Glo a                   
 b 100 50 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c  50                 
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Got a 100 100 100                
 b    100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Gpd a             33     25 
 b 100 100 100 100 100 100 100 100 100 100 100 100 67 100 100 100 100 75 
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Gpi1 a                   
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Gpi2 a                   
 b        50 50          
 c 100 100 100 100 100 100 100 50 50 100 100 100 100 100 100 100 100 100 
 d                   
 e                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Idh a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 b                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
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Table 4.3 Continued 
Locus Allele 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Me a 100 100 100 25 50              
 b    75 50 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Mdh2 a                25 50  
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 75 50 100 
 c                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Mpi a                   
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c                   
 d                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
PepA a 100 75 66                
 b  25 34 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c                   
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
PepB a              25 25  50  
 b                   
 c 100 100 100 100 100 100 100 100 100 100 100 100 100 75 75 100 50 100 
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
PepD1 a                   
 b    50 50 100             
 c 100 100 100 50 50  100 100 100 100 100 100 100 100 100 100 100 100 
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
6Pgd a       50            
 b 100 100 100 100 100 100 50 100 100 100 100 100 100 100 100 100 100 100 
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Pgm a    25               
 b 100 100 100 50 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c    25               
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Sordh a 87 75 50 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 b 13 25 50                
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
Tpi a 100 100 100 100 100 100 100 100 100 84 100 100 100 100 100 100 100 100 
 b          16         
 N 4 2 3 2 2 2 2 2 2 3 2 2 3 2 2 2 1 2 
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Table 4.3 Continued 
Locus Allele 19 20 21 22 23 24 25 26 27 28 29 30 OG 
Acon1 a              
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 
 c              
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Acon2 a  25            
 b 100 75 100 100 100 100 100 100 100 100 100 100 100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Acyc a 75 75 50 25 25 75      50 50 
 b 25 25 50 75 75 25 100 100 100 100 100 50 50 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Ada a 50 50    33   100 100    
 b 50 50 100 50 75 67 100 100   100 100 100 
 c    50 25         
 d              
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Ald2 a              
 b 100 50 100 100 100 100 100 100 75 75 100 100 100 
 c  50       25 25    
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Enol a              
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Fum a              
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Glo a   75 50 50         
 b 100 100 25 50 50 100 100 100 100 100 100 100 100 
 c              
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Got a              
 b 100 100 100 100 100 100 100 100 100 100 100 100  
 c             100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Gpd a             100 
 b 100 100 100 100 100 100 100 100 100 100 100 100  
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Gpi1 a             100 
 b 100 100 100 100 100 100 100 100 100 100 50 100  
 c           50   
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Gpi2 a             50 
 b      16        
 c 100 100 100 100 100 84 100 100 100 100 100 50  
 d            50  
 e             50 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Idh a 75 100 100 100 100 33 84 84 100 100 100 100 100 
 b 25     67 16 16      
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
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Table 4.3 Continued 
Locus Allele 19 20 21 22 23 24 25 26 27 28 29 30 OG 
Me a              
 b 100 100 100 100 100 100 100 100 100 100 100 100  
 c             100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Mdh2 a              
 b 100 100 100 100 100 100 100 100 100 100 100 75 100 
 c            25  
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Mpi a          50    
 b 100 100 100 100 100 100 100 100 100 50 100 100  
 c             75 
 d             25 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
PepA a              
 b 100 100 100 100 100 100 100 100 100 100 100 100  
 c             100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
PepB a              
 b              
 c 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
PepD1 a             100 
 b              
 c 100 100 100 100 100 100 100 100 100 100 100 100  
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
6Pgd a              
 b 100 100 100 100 100 100 100 100 100 100 100 100 100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Pgm a              
 b 100 100 100 100 100 100 100 100 100 100 100 100  
 c             100 
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Sordh a 100 100 100 100 100 100 100 100 100 100 100 100 100 
 b              
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
Tpi a 100 100 100 100 100 100 100 100 100 100 100 100 100 
 b              
 N 2 2 2 2 2 3 3 3 2 2 2 2 2 
 
108 
4.3.2 Mitochondrial Data 
 
A total of 45 individual fish representing 30 sites across Australia (Table 4.1) were 
sequenced for partial fragments of the 16S rRNA and Cyt b genes. Fourteen unique 
16S rRNA haplotypes and 18 unique Cyt b haplotypes were found, yielding a total of 
19 haplotypes for the combined fragments. Each distinct haplotype is deposited in 
Genbank (see Appendix 1). 
 Authenticity of Cyt b fragments was inferred by translating the sequences to 
amino acids and the absence of insertions, deletions and stop codons, which are 
characteristic of pseudogenes (Zhang and Hewitt 1996). The alignment of the 16S 
rRNA sequence data, with reference to secondary structure, identified 288 putative 
stem sites and 272 putative loop sites, no insertions or deletions were found in the 
16S alignment. Separate analysis of each gene, using both Parsimony and Bayesian 
analyses, did not identify significant incongruence among trees and Bayes factor test 
did not reveal a superior partitioning strategy, therefore it is appropriate to examine 
the phylogenetic relationships using the combined data set. 
The complete alignment consisted of 978 unambiguously aligned nucleotide 
positions from the 16S rRNA and Cyt b mitochondrial gene regions, 560 and 418bp 
in length respectively, containing 184 variable sites of which 141 were parsimony 
informative. For the combined data set, g1 = -0.432 and g1 critical = -0.12 indicating 
that this data set has significant phylogenetic signal. No significant heterogeneity in 
base compositions was identified in the data set and there was no evidence of 
substitution saturation. The HKY+ Γ +G model was selected by MrModeltest. 
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 Divergences among haplotypes ranged from 0.35% between haplotypes E & 
F to 18.6% between the Haplotype A from the Pilbara and Hapolotype P. In fact, the 
smallest divergence between Haplotype A and another population (Hap B) was 9.6%. 
Haplotypes B and C differed from other populations by 8% and 8.6% respectively. 
All three methods of data analysis produced trees with congruent topologies, support 
values for MP and Bayesian analysis are shown in Figure 4.3. 
The Bayesian analyses recovered a number of well supported clades. In 
complete congruence with the allozyme data, the Western Australian populations 
resolved into a well supported clade composed of two haplotypes A and B. Again 
Pilbara populations remain distinct but closely related to other WA sites. The 
mtDNA data also succeeded in placing the Arnhem Land sites in this clade as a sister 
to the northern WA sites. Haplotypes H, I and J (Sites 14, 15, 16 & 17) representing 
four sites from the LEB form another well supported cluster distinct from all other 
populations. 
Hap D and Hap L are grouped as separate from the four major clades; there is 
very little support for a relationship between the two sites which are 2000km apart 
separated by vast areas of desert. Haplotypes E, F, G and K are clustered together 
with good support these represent sites from middle central Australia and central 
Western Queensland, the two WGC sites are group as sister taxa, again this is 
consistent with the Allozyme data. Also consistent is the way in which the northern 
central Australian drainages of the LEB are more closely associated with southern 
Queensland than southern LEB populations. 
Three haplotypes were found in the Murray Darling Basin, two (N & M) are 
from three sites in the Paroo, Warrego and Longlo Rivers of the northern Murray 
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Darling system. The other MDB Haplotype (S) found at one location resolves 
separately, this is to be expected as it is an isolated coastal drainage. 
The last major clade consists of Haplotypes O, P, R and Q representing sites 
attributed to four different regions. All sites are located on the Queensland coast, east 
of the Great Dividing Range. 
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Figure 4.3 Bayesian phylogram for combined 16s and Cyt b for Neosilurus 
hyrtlii haplotypes. Unmack’s (2001) regions are shown. The numbers at each 
node represent MP bootstrap values and Bayesian posterior probability support 
respectively.  
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4.4 DISCUSSION 
 
Results of this study provide evidence to reject the null hypothesis that N. hyrtlii is a 
single widespread species. The mtDNA phylogenetic analyses show a pattern of 
molecular divergence potentially consistent with the existence of multiple species, 
supported by the recovery of a strongly supported, divergent Western Australian 
lineage. The allozyme data supports the mtDNA in this respect, thus providing 
convincing evidence for the presence of speciation in populations of N. hyrtlii from 
the Pilbara region of Western Australia. In addition to this, there is also substantial 
divergence (mtDNA & allozymes) in north WA populations (Hap B) (Sampled in 
March Fly Geln and Spillway Creek) and populations in the Arnhem region (Hap C) 
of north western central Australia, which implies the possibility of a further two 
sibling species.  
The level of sequence divergence observed between populations of N. hyrtlii 
(0.35%-18.6%) falls outside the range observed within other fish species (0.4-8.4% 
(Avise et al. 1998), however, if Haplotypes A, B & C are excluded, the maximum 
within species divergence of 7.2% falls within this range. The divergence of 
Haplotype A (18.6%) is consistent with levels of divergence observed between other 
fish sister species <1%-40% (Johns and Avise 1998). The divergence of Haplotypes 
B & C (8% and 8.6% respectively) are at the interface of the between and within 
divergence ranges observed in other fish species for cytochrome b (Avise et al. 
1998). Given that this study uses sequences comprised of a combination of cyt b and 
the more conservative 16S gene regions, it is reasonable to view these divergence 
levels as more significant than if they were for cyt b alone. 
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Analysis of data obtained from the two techniques employed in this study, 
indicated that the data sets were in concordance with each other. Both resolved 
similar major patterns, although as to be expected, the mtDNA data resulted in a 
better resolution of finer scale relationships. The differences between the topology of 
trees resolved from data analysis of the two techniques relate mainly to weakly 
supported relationships that, due to a lack of evidence are not discussed in great 
detail. The exception to this, is the way in which the allozyme dendrogram places the 
ARNH population cluster as a sister to all other Australian populations, whereas the 
mtDNA data groups all ARNH populations in the same clade as the Western 
Australian populations and distinct to all other Australian clades. This is the only 
anomaly and closer examination of the data set reveals that the ARNH populations 
are represented by the single Haplotype C which is significantly divergent from other 
Australian populations (8.6%). 
The relationship between the WA and Kimberley populations identified by 
both the allozyme and mtDNA data, although given that the two regions are 
separated by the Great Sandy Desert, it is difficult to determine how gene flow has 
occurred. The fact that these populations represent a basal clade to all others may 
indicate that the first radiation of N. hyrtlii into Australia occurred in the northern 
central Australian Arnhem land region. From here it may have dispersed southeast 
and southwest prior to the onset of aridity, until its habitat range was that of the 
present day. In this scenario, rather than being an indication that the isolated Pilbara 
populations have evolved into a cryptic species, the more likely explanation is that 
this population is the residual ancestral lineage. This is discussed in more detail in 
Chapter 5, in relation to the other fish species examined as part of this study. 
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 The divergence between the Coopers Creek and Warrego River 
populations of N. hyrtlii (Sites 20 & 22) concurs with the findings of Huey et al. 
(2006) in their study of patterns of gene flow in two eel-tailed catfish N. hyrtlii and 
Porochilus aregenteus, in western Queensland’s dryland rivers. Huey et al. (2006) 
found no evidence of contemporary gene flow between the two rivers. Whilst both 
studies do not support the concept of contemporary gene flow, actual divergence 
levels were small, being only 21 base pairs between the two haplotypes in the present 
study and one base pair between the Cooper and Warrego clades in the study by 
Huey et al. (2006). This would suggest that isolation of the two drainages occurred 
relatively recently, possibly 40,000-72,000 years (Huey et al. 2006), considerably 
lower than for other taxa in the region (e.g 739 000 years for Macrobrachium 
australiense (Carini and Hughes 2004). The explanation of more recent connectivity 
between N. hyrtlii populations and the lower divergence levels than found in other 
taxa, may indicate a superior dispersal ability.  
 Both the Coopers Creek (Hap L) and King River (Hap D) populations are 
grouped as distinctive from other populations, the sister tax cluster indicated by the 
Bayesian hologram is only very weakly supported by bayesian (Pp) and not at all by 
MP bootstrap methods, therefore, it is more than likely an artifact of the tree 
generation than any meaningful result.  
 The three main Murray Darling Basin populations form a robust clade, which, 
consistent with the findings of Chapter 3, is more closely related to the clade of East 
coast populations than to any Lake Eyre Basin populations. 
 A well supported clade consisting of six populations from near coastal eastern 
Australia, (east of the Great Dividing Range) comprises of two sister clades 
representing distinctive southern and northern populations.  
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Interestingly, in contrast to Chapter 3 and studies of other taxa (Murphy and 
Austin 2004b), the Finke River populations of N. hyrtlii appear to be more closely 
related to Dalhousie Spring and southern central Australian populations than to 
northern central populations, although there has been no evidence in recent times for 
connectivity between the Finke River and the Warrego and Diamantina Rivers. That 
the Finke population is placed as a sister taxa to the Dalhousie Spring population is 
not altogether unexpected, it is most likely that the springs were originally colonised 
during a peak Finke River flood event. However, given the isolation of the spring 
since then, it is peculiar that the spring population has not diverged further, 
particularly given the unique thermal spring habitat. 
 Neosilurus displayed a complex pattern of population structure that was not 
fully resolved by the present study. More work is needed on the complex assemblage 
of populations of eel-tailed catfish in Australian drainages. 
116 
 
CHAPTER 5. 
GENERAL DISCUSSION 
The wide distributions and abundances of Leiopotherapon unicolor, 
Nematalosa erebi and Neosilurus hyrtlii, make them ideal organisms for studying the 
patterns and processes of evolution in inland Australia. A greater understanding of 
the biodiversity of Australian freshwater systems is important, Australia’s freshwater 
habitats are exposed to increasing environmental degradation through anthropogenic 
changes, increasing aridity, and continually increasing demands for water resources. 
While earlier taxonomists have made significant contributions to documenting the 
diversity of these species, biodiversity related studies can be significantly hampered 
by morphological conservatism and other difficulties affecting the elucidation of 
taxonomic relationships. 
The series of related studies presented in this thesis, utilising molecular 
genetic data, have contributed new systematic knowledge and enhanced our 
understanding of the distribution and genetic variation in populations of three of 
Australia’s most widespread fish species. This study provides the first 
comprehensive systematic examination of all three of the species and has extensively 
extended the geographic coverage of previous biogeographic focused freshwater fish 
studies. The results of these studies demonstrate that judicious application of 
molecular systematic methods can be effective for resolving phylogenetic 
relationships among fish species. In addition, the molecular genetic data presented in 
this thesis represents a comprehensive set of data from three species spread across 
mainland Australia. The data generated in this thesis are substantial, with up to 1200 
bp nucleotide sequence data obtained from two gene regions. This in itself represents 
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a significant advance, given the total absence of any genetic information on the three 
fish taxa involved at the commencement of this study. In addition, the significant 
number of allozyme loci found to be diagnostic for the taxa involved ensures that 
future studies of the species and even of broader questions relating to the utility of 
mitochondrial and allozyme data will be greatly enhanced. 
5.1 VALIDITY OF MOLECULAR GENETIC METHODS 
 
In systematic studies, no single gene or technique can be used by itself to 
confidently infer a true phylogeny. As discussed in Chapter 1, both allozyme 
electrophoresis and mtDNA techniques have their limitations. Combining the two 
techniques and additionally, studying more than one mtDNA gene region, overcomes 
many of the issues associated with any one technique or region. In this study, the 
phylogenetic relationships between populations of three fish species were 
investigated using both nuclear and mtDNA methods. Both sets of data were 
consistent although as expected the faster evolving mtDNA was better at resolving 
finer scale relationships than allozyme electrophoresis; congruence among genes or 
data sets greatly increases confidence that real phylogenetic relationships are being 
recovered (Page and Holmes 1998). This congruence and the fact that results were 
consistent with those of comparative studies allows for a high level of confidence in 
the data. 
5.2 TAXONOMIC FINDINGS 
 
The usefulness of molecular data for the examination and clarification of 
taxonomic issues across a range of species is well established (Moran 2002; 
Vrijenhoek 1998), however, prior to this study they had not been applied to questions 
relating to the taxonomy of any of the three study species, despite concerns about the 
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accuracy of the existing taxonomy of Neosilurus hyrtlii. The results of this study 
have aided in the phylogenetic resolution of the three species examined. In Chapter 
2, despite the extraordinarily large distribution of Leiopotherapon unicolor, there 
was negligible variation across all populations leading to the conclusion that this is a 
widespread single species. Given the low levels of macro geographical variability, it 
may in fact represent a rare example of a truly cosmopolitan species. Significant 
differences between sympatric populations of the outgroup Leiopotherapon aheneus 
indicated the presence of more than one species in this group. In both chapter 3 and 
4, significant divergence between Pilbara region populations of both Nematalosa 
erebi and Neosilurus hyrtlii and all other Australian populations supports the 
presence of a highly divergent lineage. The identification of what may be found to be 
cryptic diversity demonstrates the utility of a pluralistic approach to the identification 
of species, whereby both the criteria and type of data used are equally important 
components of identifying species boundaries.  
The taxonomic significance of the genetic variation identified in populations 
of N. erebi and N. hyrtlii is difficult to assess without reviewing some of the 
fundamental questions. This in turn would require an investigation of the species 
concept, all of which is outside the scope of this study. All three of the divergent 
populations showed fixed allelic differences, evidence that the populations are 
reproductively isolated which of course satisfies one of the major criteria associated 
with the delineation of species. Further to this, divergence levels are consistent with 
or higher than those found between sibling species in other taxa therefore it can be 
said that the findings are of taxonomic significance, namely the presence of highly 
divergent lineages in taxa thought to be single widespread species. 
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5.3 REPRODUCTIVE BEHAVIOUR 
 
The large, broadly similar distributions of the three study species across a range of 
habitat types provides an opportunity to review and identify shared life cycle 
characteristics and reproductive behaviours that may provide explanation for the 
mechanisms that enable these fish to prevail in arid environments.  
Seeking optimum conditions for offspring survival, most fishes show seasonal 
patterns of reproduction. For some species this cycle is stimulated by specific flow 
regimes or extrinsic cues making them vulnerable to anthropogenic activities that 
impact these signals. Strategies an organism must possess in order to survive in arid 
environments range from the ability to withstand sub-optimal conditions within 
generations to the possession of a reproductive strategy facilitating persistence 
between generations (King et al. 2003). 
For species to survive in arid environments, they must possess certain traits 
enabling them to avoid localised extirpation such that reproduction, dispersal and 
colonisation can occur when conditions are favourable (Fausch and Bramblett 1991). 
Resilience traits include the possession of wide environmental tolerances, broad or 
adaptable food preferences (Balcombe et al. 2005; Medeiros 2004) the ability to 
maintain small ‘source’ populations in favourable habitats (Dunning et al. 1992), 
opportunistic usage of renewed flows (Scheurer et al. 2003) and rapid population 
recovery under more favourable conditions (Balcombe et al. 2007).  
Leiopotherapon unicolor 
 
Spangled perch reproduction has been studied under laboratory conditions using fish 
from the Murray-Darling Basin which were then transported to Sydney (Llewellyn 
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1973). Spawning occurs in water temperatures 20ºC to 36ºC, the randomly dispersed 
eggs are demersal and non-adhesive and hatch within 50 hours (Glover 1979; Glover 
1982; Llewellyn 1973). An extended spawning season with a peak linked to summer 
flow elevation has been suggested for this species (Balcombe et al. 2007). From 
observations gained through this study, it is likely that spawning itself may occur 
regularly and without reliance on flow. The presence of juveniles in a number of 
drying waterholes suggests L. Unicolor breeds opportunistically, at least in the arid 
zone, ephemeral water systems sampled. 
Rising water levels have historically been associated with the recruitment behaviour 
of this species, it is currently considered that rising temperature is more likely to be a 
recruitment cue (Pusey et al. 2004) and flooding, though certainly enabling an 
improved recruitment response is not an essential pre-requisite for spangled perch 
breeding (Pusey et al. 2004).  
Nematalosa erebi 
 
In the Murray River, Nematalosa erebi individuals grow to 470mm and spawn in 
early summer independent of flooding. They are highly fecund, with females 
measuring 199-403mm in total body length producing 33,000-880,000 eggs 
(Puckridge and Walker 1990).  
Nematalosa erebi appear to spawn across a range of habitat conditions in the 
Murray-Darling Basin, including exposed environments such as Lake Alexandrina, 
South Australia (Puckridge and Walker 1990) and receding still-water environments 
such as Lake Cargelligo, New South Wales (Kerezsy 2005). It is believed that 
northern populations breed several times a year and reach peak activity in the wet 
season. In Cooper Creek, constant recruitment (including population increases 
following dry periods) has been demonstrated for this species in the Windorah area 
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of south-western Queensland (Balcombe and Arthington 2009) and the existence of a 
reproductive strategy that is non-reliant on flow is supported by evidence from South 
Australia (Puckridge et al. 2000).  
Neosilurus hyrtlii 
 
The reproductive behaviour of Neosilurus hyrtlii has not been studied in detail, in 
fact what is known of the spawning and reproductive behaviour of Plotosid catfish in 
Australia is currently limited to studies completed on Tandanus tandanus in the 
Murray-Darling Basin (Davis 1977). Orr and Milward (1984) studied the localised 
breeding migration and subsequent spawning of Neosilurus hyrtlii and a related 
species, Neosilurus ater, in the Ross River near Townsville, however the larvae and 
juveniles of each species were difficult to identify. Unlike Tandanus tandanus, the 
available evidence suggests that N. hyrtlii does not build a ‘nest’, but rather scatters 
fertilised eggs over the substrate (Orr and Milward 1984).  
Large population fluctuations of N. hyrtlii were observed while sampling for this 
study. This may suggest periods of populations ‘boom’ and ‘bust; linked to flow 
variability, however their recruitment and movement capabilities require 
investigation at wider spatial scales before more accurate predictions can be made.  
 
Further knowledge is needed of the reproductive behaviours of 
Leiopotherapon unicolor, Nematalosa erebi and Neosilurus hyrtlii not only under 
laboratory conditions or from single habitat studies but also across the varied habitats 
in their distribution range. There appears to be some shared reproductive behaviour 
characteristics among the three study species, however, the paucity of information 
specific to N. Hyrtlii did not allow for accurate comparison. Both N.erebi and L. 
Unicolor are the first fish to colonise newly inundated habitats, both appear able to 
breed all year round independent of flooding (although flooding may be 
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advatangeous). Given their ability to not only survive but to disperse widely in 
aquatic systems that are ephemeral and irregular it is not reasonable to extrapolate 
information known from populations in large permanent water bodies. Further study 
of arid zone populations is required particularly as it is possible that the features that 
allow these species to continue in less optimum conditions may also mean that they 
have the potential to be invasive if translocated to optimum condition systems 
outside their natural range. 
5.3.1 Conservation and management 
Approaches to river management need to account for unique biodiversity features, 
such as areas with high endemism or taxonomic richness (Huey et al. 2014). Further 
to this, planning for threatened fish species must be guided by accurate taxonomy, 
genetic investigation of threatened species has proven valuable in guiding action and 
recovery planning (Adams et al. 2011).   
There are two significant fish management implications from this study: 
1)  Further investigations of the Fortescue River system, particularly the number 
of endemic ‘sibling’ species. Localised endemic populations can be compared 
to ‘island’ habitat populations and as such are prone to extirpation from 
habitat degradation or introduced predators (Wager and Unmack 2000);  
2) Converse to ‘island’ populations, resilient species with the capacity to 
disperse and colonise new areas have the potential to exhibit competitive 
advantages that would see them as ‘invasive’ in some habitats, this is 
particularly likely to be true of Leiopotherapon unicolor. 
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5.4 BIOGEOGRAPHIC FINDINGS 
 
Following the resolution of the taxonomic status of Leiopotherapon unicolor, 
Nematalosa erebi and Neosilurus hyrtlii, it was possible to use these widespread 
species as model organisms for examining existing and developing new 
biogeographic hypotheses for freshwater species, particularly fish inhabiting the 
freshwater drainages of mainland Australia.  
The examination of phylogeographic relationships across the distributions of 
N. erebi and N. hyrtlii populations revealed that although the southern portions of 
Australia’s two major inland drainages (the Murray Darling Basin and the Lake Eyre 
Basin) show levels of connectivity, the northern reaches are not closely related, with 
northern Murray Darling populations of both fish species more closely associated 
with eastern coastal populations across the great dividing range. Despite data for both 
species indicating recent contemporary gene flow across this ancient barrier, they 
also resolved separate (but closely associated) eastern and western clades. 
Phylogenetic analysis resulted in the identification of distinct lineages of L. 
aheneus, N. erebi and N. hyrtlii. These lineages were all found in populations from 
the Pilbara region of Western Australia. In the study of N. hyrtlii two more divergent 
lineages were identified in populations from the Kimberley and Arnhem regions of 
north Western Australia and northern central Australia. In all cases phylograms and 
dendrograms resolved the clades to which these lineages were assigned as sister 
taxon to all other populations. This strongly supports the notion that these Pilbara 
region lineages may represent the original ancestral lineages of each species. It is 
possible that all three species, (all have close relatives represented in the freshwater 
rivers of southern New Guinea) first colonised Australia from southern New Guinea 
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into Arnhem Land. This is supported by findings of McGuigan et al. (2000) where a 
close relationship between southern New Guinea and northern central Australia was 
found in melanotaeniid fishes. Further support that this may mark the original 
colonisation point is that of the findings of Unmack (2001). He found that the 
northern province of Australia which encompasses the Arnhem Land region was 
inhabited by a total of 38 endemics and 25 of these are shared with New Guinea. 
Two common views on the development and evolution of Australia’s aquatic fauna 
that may fit the relationships observed in this study are that the species are 1) old 
endemics with Gondwana relationships (percicthyid fish and parastacid crayfish), or 
2) relatively recent invaders with mostly Asian affinities (Gobiidae and Barramundi). 
Australia and New Guinea have been alternately land-linked and separated by water 
on a number of occasions over millions of years. Australia together with the Aru 
archipelago and New Guinea lie on the Sahul continental shelf and have been joined 
as a single landmass throughout much of their geological history (Gingele et al. 
2001). With respect to L. unicolor, it most likely originated from far north Western 
Australia as its closest relatives occur in the Pilbara and Kimberley regions. Vari 
(1978) places this genus at the base of his phylogenetic tree, closest to a polytomy 
containing Amniataba, Hannia and Varichthys this supports Gondwanan radiation. 
Without further global level studies of the families, it is difficult to determine which 
of these views is most applicable to N. erebi and N. hyrtlii. The evidence detailed 
above strongly supports a Gondwanan relationship, but a lack of information means 
that it is not possible to rule out an Indo-Pacific radiation. 
One aspect of the ancient lineage theory that is difficult to resolve is the 
mechanism of dispersal to the Pilbara region when it is isolated from the Kimberley 
region by the Great Sandy Desert, with little to no surface run off. Unmack (2001) 
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identified high endemism in the WKMB and EKIMB provinces consistent with the 
evidence given in Chapter 4 suggesting the presence of a further sibling species in 
this region. An alternative possibility is that the original radiation of these species 
into Australia, rather than being one event was a series of coastal invasions, whereby 
some ancient lineages are retained in discrete areas and the rest of the populations 
through continuous connectivity and gene flow have evolved into the modern 
lineage. 
One key question that arises when examining the combination of findings 
from this study is how to explain the co-existence of cosmopolitan species such as L. 
unicolor across wide distances and major drainage basins with species that across 
similar distributions show high levels of divergence and geographic structure. Prior 
to the commencement of this study, there was no information on the genetic structure 
and relationships between drainages inhabited by the fish species examined here. 
Genetic variation and divergence was anticipated, to the extent where the lack of 
such variation between populations of Leiopotherapon unicolor is one of the most 
surprising findings of this research and certainly highlights the complex relationship 
that exists between dispersal potential (intrinsic and extrinsic), life history and 
adaptation. The isolation between river basins (catchments) and major drainage 
divisions is considered a major factor in the population structuring of freshwater 
organisms (Avise 2000; Bohonak and Jenkins 2003; Herbert et al. 2003). The 
ecological requirements of freshwater organisms, particularly fish, constrain 
dispersal. The anomaly here is that dispersal mechanisms should in general be 
equally constrained amongst taxa, and yet some freshwater fish are found widely and 
others endemic to only one catchment. The common explanation for this is different 
life history traits of different taxa, therefore the ecology of particular organisms must 
126 
be taken into account when examining distributions and genetic structure (Havel and 
Shurin 2004). From this, if gene flow occurs mainly due to dispersal then highly 
dispersive taxa should show more genetic homogeneity distributed across and large 
area and in turn less population divergence. The converse of this is that allopatry; 
resulting from poor dispersal ability would lead to high genetic structuring and 
deeper divergences (Havel and Shurin 2004).  
The widespread distributions and diverse habitats range of the three species 
studied would imply that they are all habitat generalists, although it would seem that 
Leiopotherapon unicolor has adaptations for aridity that are superior to any other 
Australian fish. Its broad geographic range combined with the extremely low levels 
of divergence between populations, may be attributed to an extraordinary proclivity 
to disperse, high fecundity, ability to breed in small ponds and extreme physiological 
tolerances. The radically different patterns in geographic ranges and phylogeographic 
structures for the species reported here, suggests the presence of at least one highly 
significant life history trait that varies between species. This is most likely related to 
egg size, and highlights the extreme differences that may result from only slight 
variation between species (McMillan-Jackson and Bert 2003). 
Many studies have shown that the extent of genetic differentiation can be related to 
relative dispersal capabilities in fish (Doherty et al. 1995; Watts et al. 1995). Despite 
this, it would appear that in general there is very little understanding of the complex 
array of interactions that may enable a species to expand its range and further, even 
when a clear opportunity arises, it is apparent that for unknown reasons, many taxa 
do not disperse. 
The study of L. unicolor and to a lesser extent both N. erebi and N. hyrtlii support a 
new paradigm for Australia wide biogeography. Indeed, this study supports the idea 
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that arid zone fish fall into two broad categories: highly vagile ecological generalists 
with broad environmental tolerances that have extensive distributions in a variety of 
habitats, and locally endemic species with a limited distributional range.  
Biogeographic patterns, historically characterised by areas of endemism, 
whereby more importance is placed on what is different than what is consistent 
across regions may be too reliant on the explanation of life history as the main 
determinant for dispersal. 
As discussed, there are examples of exceptions and contradictory patterns to refute 
almost all existing freshwater biogeographic hypotheses. One problem is that most 
biogeographic boundaries are broad and the development of modern molecular 
techniques have allowed for the examination of fine scale relationships that cannot 
be easily assigned to broad scale biogeographic patterns. There is a need to review 
existing biogeographic patterns on a smaller scale.  
5.5 PILBARA REGION 
 
Examining the phylogeographic patterns divulged by the three widespread 
study species affords the opportunity to investigate the role of geographic barriers in 
creating genetic divergence between populations and their role in speciation.  
The fish fauna of the Pilbara region are unique, with five (possibly six) of the 
12 (or possibly 13) species see (Morgan and Gill 2004) being endemic to the region. 
These include Australia’s only true, blind cave dwelling fishes, i.e. Blind Gudgeon 
(Milyeringa veritas) and the Blind Cave Eel (Ophisternon candidum) as well as a 
second endemic eleotrid, Golden Gudgeon (Hypseleostris aurea), the Murchison 
River Hardyhead (Craterocephalus cuneiceps), the Fortescue Grunter 
(Leiopotherapon aheneus), and potentially undescribed members of the Plotosidae, 
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i.e. Neosilurus sp. (Morgan and Gill 2004), Terapontidae Leiopotherapon sp. and 
Clupeidae Nematalosa sp. (Bostock et al. 2006). The freshwater habitats in the rivers 
of the Pilbara also host a number of fishes that are considered to be of marine or 
estuarine origin, most of which may have a nonobligatory freshwater juvenile phase. 
These include Barramundi (Lates calcarifer), (Lutjanus argentimaculatus) , Sea 
Mullet (Mugil cephalus), Oxeye Herring (Megalops cyprinoides) and Milkfish 
(Chanos chanos) (Chanidae) as examples (Beesley and Prince 2010).  
Interestingly, Pilbara region populations of all three species in this study 
showed significant divergence from the rest of Australia. Furthermore, within 
population divergence was found in Leiopotherapon aheneus and Nematalosa erebi 
indicating the presence of cryptic speciation in two sympatric fish populations in the 
Fortescue River. This region studied in more detail would afford significant 
opportunities to estimate phylogenetic timelines, in addition there are suggestions 
that hybridisation is occurring between Leiopotherapon unicolor and other 
Terapontidae (Pers. Comm. Unmack 2011). 
The Fortescue River is situated within the Pilbara region of Western 
Australia. It forms part of an ancient landmass of the Pilbara craton, dated at 
approximately 2.8 billion years old, and containing rocks of 3.6 billion years of age 
(Copp 2005). The Fortescue River is unusual in that it contains two catchments 
(Beesley and Prince 2010) one with underground water connections that remains 
relatively constant and that due to the dry climate zone, mostly exists as a serious of 
pools, that contract markedly during the peak of the dry summer season. The high 
degree of endemism may be attributed to the fact that the Pilbara region is a truly 
isolated freshwater system enclosed on the north and eastern sides by the Great 
Sandy Desert. The current dune systems in this region are believed to have been 
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established in the early Holocene. Because sand is difficult to date and there is 
evidence of dune systems being remobilised dates for formation of Australian deserts 
are not well established (Johnson 2004). There were periods of dune formation dated 
256000, 173000, 112000 and 56000 years ago and the most recent phase 40000 years 
ago if this is the case the divergences in this region may not be feasible over such a 
small timescale (Wopfner and Twidale 2001). Further molecular dating techniques 
are required also, if as suggested hybridisation with a sibling species has occurred 
molecular clocks would not be valid.  
5.6 FURTHER STUDY 
 
This study has contributed new knowledge that enhances our understanding 
of the taxonomy of L. unicolor, N. erebi and N. hyrtlii and their evolutionary origins. 
The findings of evidence for cryptic speciation occurring in populations of L. 
aheneus and N. erebi, divergence in N. hyrtlii and the identification of the Pilbara 
region as an area supporting and possible promoting divergence of freshwater fish 
are important. Further investigation is required to fully understand not only the 
taxonomic and biogeographical implications but also the management implications.  
As stated in the aim, the lack of previous molecular phylogenetic knowledge 
for all three species predetermined that this study would be essentially exploratory, 
but nevertheless providing an important framework on which subsequent molecular 
and morphological studies can be based. 
Initially one of the focuses of this study was to better understand the genetic 
status of fish populations in arid regions; however, this study did not succeed in fully 
resolving these relationships. The main Australian arid systems such as the Finke 
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River are so complex in hydrology that a longitudinal study of the species within and 
their response to various events is needed. 
All diverse lineages uncovered by this study need to be examined further 
using molecular techniques coupled with extensive morphological investigation to 
ensure that the significance of morphological and ecological variation can be directly 
assessed. Further, reference to type material is essential to ensure the correct 
identification and application of nomenclature. It can be noted that advances in 
molecular techniques have resulted in DNA being successfully amplified and 
sequenced from ancient specimen collections, some stored for more than 30 years 
increasing the possibility that early type material may be used to resolve taxonomic 
issues, although many Australian freshwater type specimens are over 100 years old. 
The apparent high degree of endemism and genetic divergence between Pilbara 
populations and the rest of Australia provides the background for a thorough 
examination of all fish species in this region to determine the mechanisms that have 
led to this phenomenon. 
Further molecular studies using population genetic techniques need to be 
conducted on populations throughout Australia for N. erebi and N. hyrtlii and 
combined with morphological comparisons to better resolve the fine scale patterns 
present within drainages. As discussed, there is some discordance in the findings for 
different taxa as to the actual relationships between major drainage systems, and the 
application of population studies may assist in resolving these issues more clearly. It 
is unlikely that L. unicolor would benefit from the application of population genetic 
techniques, such low divergence levels across populations would indicate very little 
structuring within populations. 
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In addition to this, whilst it was not within the scope of this project, Australia’s 
recent geographical connection with Papua New Guinea means that it would be 
beneficial to investigate the genetic divergence between the Australian and New 
Guinea populations of these fish. 
Given the likelihood that life history plays a major role in determining 
dispersal and therefore shaping biogeographic boundaries, it is important that more 
work be conducted on the ecology of all three study species. This would need to 
include the study of populations from a range of habitats as there is evidence that life 
history strategies are often influenced by habitat type. 
 The recent plethora of studies aimed at resolving genetic differentiation at 
different, temporal, spatial and taxonomic levels provides an excellent opportunity to 
approach traditional studies of phylogeography in a different manner. It is the belief 
of this researcher that biogeography would benefit from computer simulated 
modeling of observed gene flow, based on the results of existing studies independent 
of any other assumptions or constraints. Australia would be treated as a flat surface, 
where connection between populations is independent of boundaries or hydrological 
connectivity. Often researchers are more willing to use catastrophic events, 
translocations or even sampling errors as the reasons that data, particularly 
connectivity, does not conform with drainage patterns than to explore the possibility 
that the geographic and hydrologic assumptions around which freshwater 
biogeography is based are flawed. Modern Geographic information system (GIS) 
advances allow for excellent modeling of geographic systems and have been widely 
applied to studies relating to hydrological flow. Combining a model of contemporary 
gene flow based on recent freshwater studies with theoretical connectivity options 
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ranging from the impact of different weather and climatic conditions would be 
beneficial in re-examining drainage connectivity. 
 Although the results presented in this thesis represent a significant step 
towards the understanding of taxonomy, biogeography and evolutionary origins for 
the species considered, there is still much work to do concerning the systematic study 
of these species .This research is being continued beyond the presentation of this 
thesis, further work is currently being undertaken to explore the cryptic speciation in 
L. aheneus and to better understand the uniqueness of the Pilbara region. 
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